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SUMMARY
Physiological effects of Cd on the growth of Pisum
sativum, L., var. Alaska were determined. Data showed that
young seedlings were less tolerant towards cadmium.
Elongation of the radicle was severely affected when the
seed was germinated in a culture medium containing 1 ppm Cd.
On the other hand, significant inhibitory effects were
recorded only when 4 to 5 days old pea seedlings were
treated with more than 1 ppm Cd. Application of exogenous
IAA to the culture medium appeared to partially compensate
for the Cd inhibitory effect on the elongation of the main
root. Experimental results also indicated that Cd ions
tended to accumulate at the root where vascular blockage was
visualized by scanning electron microscopy.
Merlin, a heavy metal-tolerant cultivar of Festuca
rubra, L., was studied for its tolerance towards Cd. A high
resistance was particularly shown in the root tissue. The
retention of Cd in the root probably served to protect the
more sensitive part of the plant, i.e. the shoot. Kinetic
studies showed that the uptake of Cd by the root involved
more than one mechanism. Although a significant amount of
Cd ions were bound to cell wall matrix, the major portion
was found to bind with low molecular weight complexes which
were either located in the cytoplasm of the cell or
associated with the cell wall. Chromatographic
fractionation using anion exchanger and Sephadex gel
permeation revealed the presence of two Cd-binding complexes
(CdBl and CdB2) with low molecular weights (3,450 and 3,150
daltons, respectively). Partial characterization indicated
that CdBl is a typical Cd-binding protein whereas CdB2 is
non-proteinaceous in nature.
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PREFACE
In the present study, two plant species, Pisum sativum,
Ij• r var. Alaska and Fes tuca rubra, L., cv. Merlin were
chosen for the study on heavy metal tolerance in higher
plants. It is widely known that Pisum sativum, the pea
plant, is an important crop of which a thorough study on its
tolerance mechanism to heavy metals will have tremendous
implication in agriculture. In Part A of Experimental
Results, the effects of Cd on different stages of growth of
Pisum sativum are reported. The experimental data will help
to elucidate the mechanism of tolerance upon Cd stress.
However, Alaska is a normal variety rather sensitive to Cd
(87, 123). In view of this, Festuca rubra, L., cv. Merlin,
a heavy metal tolerant grass plant, was employed for the
consequent studies. This cultivar is highly resistant to Pb
and Zn (233) but its tolerance towards Cd has not yet been
reported so far. Preliminary work indicated that Merlin
could withstand extraordinarily high concentration of Cd,
thus this tolerant ecotype was used in a series of
experiments conducted to study the Cd tolerance mechanisms.
Due to the nature of relative individuality of
different sets of experiments, the results concerning Merlin
are divided into four parts to facilitate discussion. The
investigation on (i) tolerance and uptake of Cd in the
plant, (ii) subcellular distribution of Cd in root tissue,
(iii) short-term uptake kinetics in root tissue, and (iv)
isolation of Cd-binding complexes from root tissue, are
discussed in Parts B, C, D and E of Experimental Results,
respectively. An overall integration of these data is
presented in the General Conclusion.
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In nature, cadmium (Cd) is a rarely found heavy metal.
The level of Cd in living environment has been increased by
various human activities. It has drawn more and more
attention nowadays since it can be passed along the food
chain from the soil through the food crops to animals and
man. Its toxicity thus causes a potential hazard to human
(72, 195, 219, 222, 243). Chronic and acute diseases such
as kidney damage, hypertensive heart, bone demineralization,
gonadal atrophy, malignant tumours, erythrocyte destruction,
vascular damage and gonadal destruction in animals and human
have been reported (38, 150, 220, 248 and the references
therein).
Moreover, contamination by Cd in soil also leads to a
reduction in the yield of many crops. The toxicity of Cd
in many species of higher plants have been recorded (Part B
of Literature Review). It will induce the symptoms of
toxicity (Table II-2) and lead to a general reduction in
plant growth (Table II-3), probably through alterations in
various physiological processes such as ion uptake,
enzymatic activities, photosynthesis, respiration,
transpiration, meristematic activity and nitrogen lixation
(Part C of Literature Review). Nevertheless, some
enhancement of growth due to Cd treatment has also been
noted (Table II-5).
The actual mechanism of heavy metal tolerance in the
plant is still speculative but is most probably related to
the uptake and distribution of Cd (242, 256). The uptake and
distribution of Cd in different plant parts have been
extensively reported in the literature (Part D of Literature
Review). With a few exceptions, it appears that most of the
Cd uptaken tends to accumulate in the root of plants (Table
11-10). The specific binding of Cd to the root may be
related to the capacity of a plant to withstand Cd stress
(32, 233).
Subcellular distribution pattern indicates that most of
the uptaken Cd tends to dissolve in the soluble fraction of
the cell (40, 73, 262) or attach to the cell wall (40, 55,
56). The membrane fraction contains only a small portion of
this metal (40, 56, 261).
Further informations of the mechanism of Cd uptake can
be referred to the data from kinetic studies of the root.
The dual pattern of short-term concentration-dependent
uptake kinetics highlights the presence of more than one
binding mechanisms (41, 108). Besides the concentration of
the substrate, i.e. Cd, other factors affecting the uptake
are also reported. The uptake process is claimed to be
metabolically regulated and affected by the presence of
other metal ions (41). The involvement of metabolism is nor
generally agreed upon by scientists (55), and the
interaction between the uptake of Cd and other metal ions is
still quite controversial (Table II-9 a to c),
Recently, the concept of metallothionein', which
sequesters heavy metals away from metabolic pathway in the
animal system (133, 260), has been noted by plant
physiologists who believe that similar molecules may play a
role in heavy metal tolerance of plants. Several Cd-binding
proteins, having properties similar (but not identical) to
the metallothionein1, have indeed been found in plant cell
suspension cultures (86) and intact parts of plants (Table
11— 11).
Attempts are made in the present study to investigate
the physiology and biochemistry of Cd toxicity and uptake in
plants using Pisum sativum, L., var. Alaska and Festuca
rubra, L., cv. Merlin as materials. The outline of
experimental approach has been summarized in the PREFACE.
II. LITERATURE REVIEW
A. CADMIUM AND ITS OCCURRENCE
Cadmium (Cd), a heavy metal with its 3d-orbital filled
with electrons, has an electronic configuration of 4d05p2.
Some of its important physical data are: atomic number
(48), atomic weight' (112 .41), valency (2), relative density
(8.65), boiling point (765°C), and melting point (32 °C).
The naturally, but rarely, occurring Cd compounds are
CdCOs, CdMoOa, CdO, CdS, CdSe, CdSiOs, Cd(OH)2, CdS(H20)x,
and Cd3 (P04)2 (237, 253), and the Cd element exists mainly
as a constituent of Pb-Zn and Pb-Cu-Zn ores. Overall
speaking, Cd occupies only a minute percentage of the earth
crust, about 0.05 to 1.0 pg Cdg in the normal unpolluted
soil (196). The increase in Cd level in the living
environment is mainly a consequence of the contamination
from various human activities.
According to Foy and his co-workers (71), sources of
environmental contamination by heavy metals can be
summarized under different categories: (i) air pollution,
(ii) water pollution, (iii) agricultural chemicals, and (iv)
urban wastes. Based on this classification, a corresponding
table summarising the sources of Cd contamination is
formulated (Table II-l).
TABLE II-l




Cd fumes from welding
and smelting industries,
burning of diesel and
heating oil
Fugitive dusts from
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104, 105, 129, 143,
185, 194, 224, 234,
235
B. EFFECTS OF CADMIUM ON THE GENERAL PLANT GROWTH
(1) TOXICITY SYMPTOMS
Several toxicity symptoms of Cd have been reported
(Table II-2), among which chlorosis and vein reddening are
commonly observed. Chlorosis, which resembles Fe deficiency
symptom, may be traced back to the effect of Cd on Fe and Zn
translocation and this will be dealt with in Part 2-C.
Other toxicity symptoms such as necrosis (53, 128, 141,
146), alteration of leaf shape (25, 29, 144) and orientation
(206) have also been reported elsewhere.
It was suggested by Rauser (206) that Cd-induced vein
reddening might be a result of the deposition of phenolic
compounds near the vascular elements (33). The phenolic
compounds, originally stored in the root, is released upon
excess metal accumulation (9, 184). The upward movement and
hence the deposition of these compounds may depend on the
transpiration stream (206). Another possible cause of vein
reddening is the formation of anthocyanin upon Cd stress
(53), which resembles the deficiency symptoms of N and Mg.
(2) INHIBITION ON PLANT GROWTH
There are numerous reports describing the inhibitory
effects of Cd on plant growth (Table II-3), of which, yield
TABLE II-2











































































































16, 89, 123, 124, 128,































16, 25, 28, 39, 53, 89,
109, 129, 175, 232
16, 123
1, 17
20, 168, 169, 197, 244
17
213













































































Red kidney bean 115
Non-flood managed.
reduction has been most frequently observed in a wide range
of plant species. Most of these studies were conducted by
Bingham and co-workers (16, 17), Page and co-workers (196,
197), and John (121, 123, 124). Cd may also hinder the
elongation of the root and the shoot, the development of the
leaf, lateral root, nodule and embryo, as well as the
flowering and the multiplication of the frond, etc (Table
II-3).
The inhibitory mechanism is very complex and
controversial. Diverging results are recorded on the
translocation of macro- and micro-nutrients, (Tables 2-6a
and b), the processes involved in photosynthesis,
respiration, transpiration, nitrogen fixation and
meristematic activities, and also on the enzymatic systems
related to metabolism (Table II-7). The effects of Cd on
these physiological processes will be described later in
Part C of the Literature Review.
The inhibitory effects of Cd on plant growth vary with
the following factors:
(a) Plant Species, Varieties and Parts
The sensitivity to Cd toxicity varies among
different plant species (16, 17, 197). For examples,
the relatively more sensitive species, such as spinach,
soybean, curlycress and lettuce are affected at Cd
levels of 4 to 13 ppm, whereas tomato and cabbage can
tolerate it up to 170 ppm (16). Different varieties
within the same species also display variation in their
sensitivity to Cd. For instance, in lettuce (128) and
soybean (25), the yields of some varieties are reduced
when treated with Cd of concentration as low as 0.1
ppm, whereas some do not indicate any remarkable
reduction in yield even when the Cd dosage is greater
than 2 ppm. Various parts of the same plant also show
differential responses to Cd treatment, but the pattern
is not always consistent. In soybean, the inhibitory
effect of Cd is most conspicuous in the leaf, but
decreases in the stem and is the lowest in the root
(53), whereas in corn (216) and bean (206), the root is
the most severely affected part.
(b) Concentration of Cd in the Tissues
Table II-3 shows that the inhibitory effects
intensify with an increase in the concentration of Cd
applied. According to many reports, under constant
conditions, the amount of Cd uptaken by plant tissues
is directly related to the external level of Cd,
although the relation is not always linear (197). This
phenomenon has led to a speculation of a positive
correlation between the percentage of yield reduction
and the concentration of Cd in tissues. In fact, the
visible symptom in the soybean plant development j.s
closely related to the Cd concentration in the shoot
tissues (25). This speculation is strengthened by the
data from detailed analysis of lettuce, chard (168),
alfalfa, tall fescue, white clover, bermuda and
sudangrass (16).
It has been claimed that the relation of the
concentration of Cd in the tissue and the degree of its
inhibitory effect on the plant growth is linear (216),
but is not so when the concentration of Cd in the
tissue is low, that is, below its threshold as has been
observed by Miller and his associates (175). However,
it should be noted that there is no consistency in the
relation between the sensitivity of a tissue to the
toxicity of Cd and its ability to accumulate Cd among
different plant species (197, 244), or varieties (128).
(c) Presence of Other Metals
The effect of Cd may be influenced either
synergistically or antagonistically by other metal ions
(Table II-4). Due to the relatively limited amount of
data and the various inconsistent patterns of results,
no definite conclusion can be drawn on the effects of
any particular metal. The effects of other metal ions
are mainly on Cd uptake and translocation, as will be
discussed in detail later (Tables II—9a to c).
TABLE II-4


















































































(3) ENHANCEMENT ON PLANT GROWTH
In spite of its inhibitory effects discussed earlier,
Cd, at various levels, also exhibits a certain degree of
enhancement on plant growth which are summarized in Table
II-5. A low level (less than 10 ppm) of Cd treatment
enhances the growth of vegetables such as lettuce (128,
244), radish (89, 244), while at a medium level (more than
10 ppm but less than 100 ppm) enhancing effect can be
observed in forest species (140). Some enhancing effects,
even at a relatively high level of Cd (up to 640 ppm), can
occur in the case of flood-managed rice (16), which is
extraordinary. Apparently, the flood-managed condition
tends to reduce the redox potential and thus causes a
decrease in Cd uptake in rice (23). Nevertheless, the
actual concentration factor of Cd [(pgg of whole
plant)(pgg of water medium)] has been reported to be as
high as 8,245 in rice plants (116).
In addition to the above, Cd also stimulates the
formation of lateral buds in soybean (39). The mechanism of
enhancement of plant growth by Cd is still unknown, but it
can be related either to its indirect effects on the uptake
of other nutrient ions (128), or to the increase in the
turgor pressure and the stomatal aperture (144).
TABLE II-5



























a: In flood-managed soil
C. EFFECTS OF CADMIUM ON SOME PHYSIOLOGICAL PROCESSES
(1) UPTAKE OF IONS
Earlier works on Cd effects on the uptake and
distribution of macronutrients, micronutrients and other
non-nutrient heavy metal ions in different parts of the
plant are summarized separately in Tables II-6a to c. The
effects are most prominent but rather inconsistent in the
case of divalent heavy metal ions such as Fe, Cu, Mn, Pb and
Zn. However Cd appears to have very little or no influence
on monovalent ions (e.g. K), trivalent ions (e.g. Al), non-
heavy metal divalent ions, (e.g. Ca, Mg) and anions (e.g.
P, S). The factors and possible mechanisms involved in the
process are discussed separately.
(a) Factors Affecting the Effect of Cd
(i) Plant Species, Varieties and Parts
Different plant species may exhibit different
responses towards Cd treatment in the process of
ion uptake. For example, Cd treatment would cause
an increase in the accumulation of Zn in the leaf of
soybean (90, 129) but a decrease in that of corn
(17), lettuce (168), radish (150), swisschard (168)
TABLE II-6a

















































































































































































































































































































































































































a: In low level of Cd treatment
b: In high level of Cd treatment
c: In sandy loam and organic soil
d: In sandy soil
e: In flood-managed soil
f: Total Cd content is decreased
9: Excised
TABLE II-6b



















































































































































































































































































































































































































































a: In sandy loam and organic soil
b: In sandy soil
c: In low level of Cd treatment
d: In high level of Cd treatment
e: In organic soil
f: In sandy loam and sandy soil
9: In sandy loam
h: In organic and sandy soil
1: In flood-managed soil
J: Total Cd content increased
k: Total Cd content decreased
1: In calcareous soil
m: In acid soil
n: In sandy loam
TABLE II-6c
Effect of Cd on Concentration of Other Non-Nutrient Heavy Ketals in Tissues



















































































3: Total amount of ions decreased
b: In organic soil
c: In sandy loam and sandy soil
d: In sandy loam and organic soil
6: In sandy soil
and wheat (16). Different varieties or cultivars of
the same species also response differently to Cd
treatment. In soybean, Cd would lead to a decrease
in the concentration of Zn in the leaf of cultivar
Hawkeye but has no significant effect on cultivar
T203 (232). Responses of different plant parts may
also differ from each other. In soybean T203,
treatment with Cd would increase the accumulation of
Zn in the stem but not in the leaf (232).
(ii) Concentration of Cd
As Cd concentration in the growth medium
increases, its toxic effect on the physiological
processes would increase accordingly. It is not
surprising that different Cd levels in the medium
would display different effects on the uptake of
other metal ions. It can be seen also in both the
root and shoot of soybean that the concentration of
Mn would increase with a low level of Cd but
decrease with a higher level of Cd in the medium
(28).
( iii) Soil Factors
The soil properties should also be taken into
consideration. With the same Cd treatment, the
concentration of Mn in both the root and stem of oat
would increase when grown in Cd-treated sandy loam
but decrease when grown in organic and sandy soil
(24). Moreover, Cd effect on the uptake of Zn would
also display different patterns in plants grown in
acid soil and in calcareous soil (169).
(b) Possible Mechanisms Involved in the Process
(i) Competition for Common Binding Machineries
If Cd shares the same binding machineries
(binding sites or binding molecules) with other
metal ions, such as Zn, Cu, and Fe, in the plant
tissues, competition will of course lead to a
decrease in the metal content (55). As suggested by
Cunningham and his co-workers (53), the extent of
competition is dependent on their ionic properties.
For example, Ca and Cd, having similar valency and
Ionic radius, may undergo isomorphic substitution
whereas Zn and Cd would compete for the binding of
oxygen or nitrogen ligand as a consequence of their
similarity in coordination number, complex geometry,
isoelectronic property and valency (53).
(ii) Induction of Common Binding Machineries
Ifv Cd stimulates the production of a metal-
binding complex which exhibits binding relation with
other metal ions, a positive correlation between the
uptake of these ions can be obtained. In a
suspension culture of Datura innoxia, an application
of Cd elicits a Cd-binding protein which is
attractive to Cu as well (117).
(iii) Competition for Adsorption Site on Soil
Particles
The adsorption affinity of a metal to soil
particles is inversely related to its availability
to the plant (24, 171). If Cd and other metals
compete for the same adsorption site, the
availability of a metal ion to the plant will be
enhanced by the competing partner.
(iv) Alteration of Membrane Permeability
Cd may alter the membrane permeability and
hence affect the availability of other metal ions as
has been shown in some previous reports (138, 240).
Root damage due to Cd has also been found (244),
which might, of course, be accompanied by a
breakdown of the membrane barrier.
(v) Influences on Translocation of Metal Ions
The increase in Cd uptake by the root is
expected to cause a corresponding increase in the Cd
content of the whole plant in general. However,
some investigators have found that the process of
translocation of metal ions to the upper parts of
the plant may have a setback effect to the general
belief. For example, Zn uptake in the root
decreases, whereas an increase is noted in the
shoot, when the plant is treated with a high level
of Cd (124). Smith and co-workers have also
demonstrated the importance of Cd on Fe and Zn
translocation in soybean (232).
(2) ENZYMATIC ACTIVITIES
It has been widely reported that Cd would affect a
number of enzymes that are related to carbon metabolism,
nitrogen metabolism and senescence (Table II-7). However,
the mechanism of its effects on enzyme catalysis is still
speculative. Its inhibitory effects are thought to be
TABLE II-7
Effect of Cd on Enzymatic Activities
(a) Enzymes Related to Carbon Metabolism



















































(b) Enzymes Related to Nitrogen Metabolism

































































Schmit, cited in 248
mainly related to a group of proteins known as
metalloenzymes (248). Cd may act either by affecting the
translocation of essential metal ions as we have discussed
earlier, or by substituting the essential metal ions of the
metalloenzyme (248). For instance, Cd is likely to replace
Mg in phosphoriboisomerase (113) or Zn in carbonic anhydrase
(157), and hence leads to a decline in enzymatic activities.
Effects of Cd on various enzymatic activities will be
discussed below.
(a) Carbon Metabolism
In carbon metabolism, Cd has some enhancing
effects on certain enzymes, but retards the activities
of the others. It accelerates the activities of
Ph osphoenol-pyruvic carboxylase, being particularly
obvious in crassulacean plants for it catalyzes the
conversion of phosphoenolpyruvate and respiratory
carbon dioxide, released by the plant, to oxaloacetate
(257). It also facilitates the activities of pyruvate
decarboxylase, a key enzyme linking TCA cycle with the
process of glycolysis by converting pyruvate into
acetyl-CoA, as in the wheat germ (229).
In the case of malate dehydrogenase, an important
enzyme in TCA cycle catalysing the conversion of malate
into oxaloacetate, the effect of Cd is both enhancing,
as in the leaf of bean (261) and soybean (155), and
retarding, as in the root of bean and also in the in
vitro system (261).
Cd has an inhibitory effect on carbonic anhydrase,
an enzyme responsible for the conversion of carbonic
acid into carbon dioxide and water, as in the soybean
leaf (155), and also on phosphoriboisomerase which is
essential for the formation of ribulose diphosphate, a
critical intermediate in Calvin cycle, as in the leaf
of spinach (112). Also, the activities of succinate
dehydrogenase, another enzyme indispensable in the
conversion of pyruvate into acetyl-CoA, are inhibited
in isolated mitochondria in tobacco culture pre-treated
with Cd in vivo (214).
(b) Nitrogen Metabolism
Cd has been shown to display inhibitory effects on
enzymes induced in nitrogen metabolism, with the
exception of glutamate dehydrogenase which catalyses
the formation of glutamate from a-ketoglutarate and
ammonia. Glutamate is a crucial primary material for
the synthesis of other amino acids. The activities of
the enzyme are enhanced by Cd in both the leaf and root
of bean but are inhibited in the in vitro system (261).
Nitrate reductase, which reduces nitrate to
nitrite in the leaf of red alder (266), and nitrogenase
in nodulant plants, which fixes atmospheric nitrogen
into ammonia in bean (252), red alder (266) and soybean
(109) is inhibited by the presence of Cd. Another
example is urease, essential for converting organic
nitrogen such as urea into ammonia and carbon dioxide.
It is inhibited in the soybean leaf as has been shown
in the work of Schmit (cited in 248, but the reference
quoted therein is not correct).
(c) Senescence
A series of enzymes related to senescence have
been reported to be evoked by Cd in the leaf of soybean
(157). This helps to explain such phenomenon in the
leaf of some plant species that has been shown in Table
II-3. Except peroxidase, an oxidoreductase, most of
the other affected enzymes are hydrolytic such as acid
phosphatase, DNase and RNase.
(3) PHOTOSYNTHESIS
Cd causes a reduction in the photosynthetic rate both
in the intact plant (11, 36, 109) and in the excised leaf
(12, 13, 153). Experimental data indicate that both C3 and
C4 plants are affected (13), and the degree of inhibition is
concentration-dependent (109, 153).
The inhibitory effects of Cd are demonstrated in the
followings:
(a) Reduction in the Chlorophyll Content
Cd induced chlorosis has been extensively studied
(Table II-2). This heavy metal is found to induce a
reduction in the actual chlorophyll content (11, 53,
216, Koeppe, cited in 13), and the reduction may be due
to a decline in Fe content especially in the leaf (29,
53). In fact, Cd toxicity symptoms can be minimized
with foliar iron sprays (98) or an addition of this
nutrient ion (142).
The Cd hindrance on Fe uptake is clearly shown in
Table II-6a. By comparing the uptake and translocation
in the Fe-inefficient with that in the Fe-efficient
cultivars of soybean, Smith and his colleagues (232)
have suggested that the major effect of Cd may be
directly on the translocation of Fe to the leaf.
Nevertheless, Root and his associates (216) have found
that Cd would lead to an increase, rather than a
reduction, in Fe content but a decrease in Zn content
in corn. Since there is a close relationship between
Zn and Fe in plants (4, 160), Cd effect on chlorophyll
content may result in an alteration of FeZn ratio
(216).
Apart from the Cd effects on the ionic content of
Zn or Fe, the reduction in chlorophyll content may also
be involved in the biosynthesis of chlorophyll through
its inhibition on SH-dependent enzyme systems (53),
which are essential in the 5-aminolevulinate metabolism
relating to chlorophyll synthesis (57).
(b) Senescence of Chloroplast
It is generally accepted that any distortion in
the chloroplast structure will affect the efficiency of
photosynthesis. In Cd-treated tomato plants, the
chl oroplast structure is distorted in a way resembling
that of senescence (11). The principal symptoms are
the appearance of large plastoglobules and the
disorganization of the target site at the granum. The
adverse effect can be reversed by treating with Mn
(11).
(c) Closure of Stomata
Cd can lead to stomatal closure (12, 13, 109) and
an increase in the resistance at the stomata (144, 153)
and the mesophyll tissues (153). These changes would
lower the rate of diffusion of atmospheric carbon
dioxide into the photosynthetic cells, resulting in a
drop in the photosynthetic rate.
(d) Inhibition on Photosynthetic Systems
In order to explore the inhibition of Cd on the
photosynthetic rate at a more biochemical level, many
studies have been processed on the investigation of Cd
effects on photosynthetic systems.
By comparing the percentage of inhibition on
photosynthesis of PSII with the effect on the combined
PSI and PSII, no significant difference is observed.
This implies that PSI is not the major site of Cd
action (11). It has been claimed that Cd acts by
altering the chlorophyll of PSII at the reaction centre
rather than the electron transport system (160). By
employing various artificial electron donors, some
researchers (11, 250), however, suggested that the site
of Cd action might be on the oxidative side of PSI,
probably the manganoprotein of water splitting system.
On the other hand, the inhibitory effects of Cd
can be lowered by Mn which acts as an electron donor at
the water side of the electron transport chain of PSII,
in both in vivo (11) and in vitro systems (250).
Although the effects of Cd cannot be completely rescued
in the in vitro system (250), full restoration of water
splitting reaction can be obtained from long-term
treatment of the intact plant with Mil (11). It leads
to an alternative hypothesis (147) that Cd-induced
chloroplast disorganization observed (11) may be
accompanied by a release of thylakoid lipids (in a inly as
unsaturated fatty acids), which impairs PSII, probably
at the oxidizing site (85, 227), while the inhibitory
effect is much lower in that of PSI (24, 251).
(e) Inhibition on Calvin Cycle
The photophosphorylation of spinach chloroplasts
is inhibited by Cd treatment (164), and this may result
in a limited supply of ATP required in the Calvin
cycle. Moreover, the enzymatic activity of
phosphoribo-isomerase is found to be retarded by Cd
(113). As discussed earlier, this enzyme is
responsible for the synthesis of ribulose diphosphate
which is essential for the first step of carbon
fixation in Calvin cycle. Decrease in the enzymatic
activity will certainly lead to an inhibition on the
biochemical reactions involved in the Calvin cycle.
(4) RESPIRATION
Cd treatment at a very low level would increase
respiratory rate in the soybean leaf (157). A decrease in
photophosphorylation, as a consequence of Cd treatment
(164), would increase the demand for ATP production during
the dark reaction and hence indirectly lead to an increase
in respiratory rate (157). However, an over dosage of Cd,
in turn, would cause a severe reduction in respiration
probably through the uncoupling of oxidative phosphorylation
(118, 138).
By using C1C6 ratio as an indicator to compare the
relative extent of glycolytic and pentose phosphate pathways
(7, 205), Reese and Roberts (214) found that the relatively
constant ratio observed upon Cd treatment would be an
indication that the action is not directed upon these
pathways.
The effects of Cd on some enzymes of TCA cycle have
been discussed in the previous sections (Table II-7).
Seemingly, the sites of Cd action lie in TCA cycle andor
the electron transport chain. The entry point from TCA
cycle into the electron transport chain is mainly through
the oxidation of a-ketoglutarate, malate and succinate in
the presence of appropriate enzymes. Reports have shown
that Cd exhibits no effect on the oxidation of a-
ketoglutarate (214), but does inhibit the oxidation of
malate, and more prominently on that of succinate and
associated phosphorylation, both in in vivo (214) and in
vitro systems (22, 177). These differential effects of Cd on
the oxidation of the three organic acids suggest that the
target site of Cd may not be located at their common portion
in the electron transport chain, but may be associated with
flavoproteins (22) and probably on the succinate
dehydrogenase complex (214).
(5) TRANSPIRATION
Transpiration rate generally decelerates upon Cd
treatment (13, 36, 53, 144, 232) even at a level as low as
0.3 ppm of Cd in soybean (232), but accelerates at a very
low level (0.01 ppm) in chrysanthemum (144).
The decrease in transpiration rate caused by Cd
treatment would hinder the transportation of nutrients and
water in the plant, and would eventually lead to a retarded
growth. Some investigators believed that the decrease in
transpiration rate may be due to a blockage in vascular
translocation (53, 152, 206). In an autoradiographic study,
the labelled Cd appeared to be plugged in the vascular
tissues along the major veins of the leaf and of the stem
node of soybean (53). Microscopic examination and
conductivity test in the excised shoot of silver maple show
that the target site is in the xylem (152). The reduction
in vascular conductivity induced upon Cd treatment is
probably caused by: (i) a decrease in available xylem
elements; (ii) a decrease in the diameter of vessels and
tracheids; and (iii) partial blockage of xylem elements by
cellular debris or gum (152).
Besides hindrance in vascular translocation, Cd may
also reduce the transpiration rate by affecting the
mechanism of stomatal opening, as indicated by the strong
linear relationship between Cd inhibition on photosynthesis
and transpiration (12, 13, 109). In the analysis of
stomatal response upon different Cd treatments, Kirkham
(144) has noted that the turgor pressure and stomatal
opening can be enhanced by a very low level of Cd, but is
greatly reduced beyond 0.1 ppm of Cd. In the work of
Lamoreaux and Chaney (153), it is suggested that both
stomatal and mesophyll resistance would be increased by Cd
treatment.
In short, the vascular blockage and stomatal closure
are probably the two important features leading to a
decrease in the transpiration rate upon Cd treatment.
(6) ROOT MERISTEMATIC ACTIVITY
Reduction in root growth by Cd has been reported in
many plant species as shown in Table II-3. In some species,
this may be resulting from the inhibition on the
meristematic activities, a postulation that is supported by
microscopic studies (170). The meristematic activity in the
lateral root is found to be more sensitive to Cd inhibition
than that of the primary root (170). The reason for the
differential response of cell division to Cd in different
meristematic tissues and the mechamism of Cd inhibition are
still controversial, but one possible mechanism may be
through the alteration of physical properties of nucleic
acids (248). However, though Cd-induced single-stranded DNA
breakage has been found in bacteria (179), similar
interaction has not been observed in the higher plant
system. No apparent change in the DNA content and in the
ultrastructure of the nucleic acids is seen (170).
(7) NITROGEN FIXATION
Cd is shown to exhibit adverse effects on the growth of
nodulated plants such as dry beans (252), red alder (266)
and soybean (109). The major effect of Cd is on the process
of nitrogen fixation, which results in many aspects, such as
reduction in the development of nodules both in weight and
in number (109, 252, 266).
Another effect of Cd on nitrogen fixation is the
inhibition of the enzyme nitrogenase, which is responsible
for the conversion of atmospheric nitrogen to ammonium ions
in the plant. Using acetylene as the artificial substrate
for the enzyme for convenience of measurement, Cd-induced
reduction in the activity of the enzyme can be clearly seen
in plants, grown either in sand culture (109, 266) or in
solution medium (252). However, the specific nitrogenase
activity per nodule of dry beans does not show a significant
reduction (252). This suggests that the major effect of Cd
is on the reduction in nodular development.
D. UPTAKE OF CADMIUM IN PLANTS
(1) FACTORS AFFECTING THE CADMIUM UPTAKE
(a) Soil Factors
In view of the growing problem arising from Cd
contamination of soil, many reports have been focused
on the optimal soil conditions in order to minimize the
Cd uptake in plants. The effects of soil properties on
Cd availability are summarized in Table II-8.
In soil, although Cd is relatively more mobile
when compared to other heavy metals (81, 141, 148,
175), it is not freely accessible to plant roots. A
series of chemical and physical interactions between Cd
and the soil surface, soil matrix and soil water under
a particular situation will determine the portion of Cd
that may be available to plants. Therefore, any
alteration of soil conditions will surely affect the Cd
uptaken into the plant.
As shown in Table II-8, the most prominent factor
is the soil pH. Liming may act to increase the soil
pH. Other factors such as percentage of organic
carbon, cation exchange capacity, etc., may also be
influential in certain soil systems. Detailed
discussion of how these factors affect the chemical
TABLE II-8
Soil Properties Affecting the Availability of Cadmium to Plants
Factor Effect References
Acidity Enhanced 1, 5, 6, 19, 46, 47, 49,
50, 80, 90, 91, 92, 114,
124, 126, 127, 148, 163,
168, 169, 175, 182, 196,
212, 230, 237, 238
Lime Substances Reduced
N. S.
6, 18, 75, 80, 121, 122, 167,
168, 241, 258



























24, 46, 48, 237
168
Redox Potential Enhanced 23, 212
Other Elements (See Table 2-9 a to c)
N.S.: Not significant
3: in calcareous soil
b: in sandy soil
: Francis and Rush cited in 75
form, solubility and hence the availability is,
however, beyond the scope of this review.
(b) Ionic Factors
The presence of other ions in both soil and
solution media will affect the concentration of Cd in
the tissues of various plants. The effects of
macronutrients, micronutrients, and non-essential ions
on the concentration of Cd in tissues are given
separately in Table II-9a, b, and c.
Other ions may influence through several ways: (i)
an overall decrease in Cd in all plant parts such as in
the case of the effect of Zn on Cd uptake in oat (124);
(ii) a general increase in Cd concentration such as the
effect of Pb on Cd uptake in corn root (94) and shoot
(176); (iii) a redistribution of Cd, for example, the
effect of Ca on Cd uptake in lettuce (124). In this
instance, Cd concentration in the root decreases
whereas that in the shoot decreases in the presence of
Ca.
The ionic effects are nevertheless determined by
other factors. Some reports have indicated that the
ionic effects are dosage-dependent. For example, a low
level of K application has been shown to increase Cd
concentration in both root and shoot of lettuce and
oat, whereas a high K level would increase the Cd
TABLE II-9a












































































































n: Total. Cd content decreased
b: Total Cd content increased
c: In low level of Ca treatment
d: In high level of Ca treatment
0: Total Cd content increased for low level of Ca treatment but
decreased for high level of Ca treatment
f: In low level of K treatment
g: In high level of K treatment
h: Total Cd content increased for low level of K treatment but
decreased for high level of K treatment
1: Total Cd content unaffected for low level of K treatnebt but
decreased for high level of K treatment
J: In calcareous soil
k: In acid soil
1: Total Cd content increased for low level of P treatment but
decreased for high level of P treatment
m: Total Cd content unaffected
TABLE II-9b








































































































3: High level of Cd treatment
b: Low level of Cd treatment
c: Total Cd content increased for low level of Zn treatment but
decreased for high level of Zn treatment
d: Total Cd content decreased
e: Excised
: Mitchellf et al, cited in 196
TABLE II-9c



























































8: Total metal ion content decreased
b: Total metal ion content increased
A: Mitchell, et al, cited in 196
concentration in all tissues (124). The Cd level in
the medium may also be critical. For example, with Zn
an increase in the Cd concentration in the shoot of
soybean is observed when the external Cd level is low
but a decrease is found at high Cd level (90). The
acidity of soil should also be taken into
consideration. Cd concentration in corn leaves is
found to be increased by P in calcareous soil but not
in acid soil (105).
Overall speaking, the exact mechanism of the
effect of a particular ion on Cd uptake is not clearly
traced, but the possible effects of Cd on the uptake of
other ions listed in Part C of the Literature Review
may be applied reciprocally.
(c) Plant Factors
Since ionic transport in plants is genetically
controlled (69), it can be anticipated that different
plant species and different cultivars will show
different behaviour in Cd uptake. Page and his
associates (196) have presented a review in this
aspect. Summarizing the results of 22 crops, it is
found that different plant species treated with 10 ppin
Cd would uptake a wide range of amounts (from 0.1 to
160 M?g dry weight) of Cd in leaf (.196). Leafy
vegetables are shown to accumulate more Cd than other
crops (123). 1 ti fact, similar- results of differential
Cd uptake by different p3_ant species have been commonly
recorded (44, 89).
Similarly, different Cd uptake characteristics in
different varieties of the same species are
demonstrated in lettuce (128), corn inbred (100), wheat
(201) and barley (46, 201).
(2) DISTRIBUTION OF CADMIUM
(a) At Tissue Level of the Plant
Table 11-10 is a summary of the distribution of Cd
in the different parts of various plant species. The
results of Cd distibution for the same individual
species are relatively consistent. Generally speaking,
the root can accumulate Cd at a higher concentration
than other parts, with a progressive reduction along
the translocation pathway from the root to other parts.
Radish is an extraordinary exception in which Cd level
in its vegetative parts is consistently higher than
that in the underground parts.
The high retention rate of Cd in the root may
subject to various factors, the most obvious one being
the binding capacity of the root tissues. Cd in the
root tissues may bind to the cell wall (55) or form
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a: Total Cd content in the shoot is greater than that of the root
b: In organic soil
c: In sandy loam and sandy soil
d: In high level of Cd treatment
e: In low level of Cd treatment
f: Total Cd content in the root is greater than that of the shoot
9: In flood-managed soil
h: For short term treatment
1: For long term treatment
will be discussed in the part E of Literature Review.
Moreover, Cd may lead to a vascular blockage (53, 152,
206), which inevitably results in a reduction in Cd
translocation to the top parts of the plants.
Similar to that observed in the Cd uptake, the Cd
distribution pattern in tissues is also affected by
plant factors with regard to the nature of genetic
control of ion uptake in plants (69). Besides, soil
factors are also consequential in certain cases. Oats
grown in organic, sandy loam and sandy soil would
exhibit different distribution patterns, which are more
prominently explicated at the upper region where the
concentration of Cd is relatively low (24).
Furthermore, if these plants are transferred to
waterlogged soil, the Cd concentration in the root
would increase in line with its decrease in the leaf
(23).
(b) At Subcellular Level
The Cd in the root cell can be roughly distributed
into three fractions: organelle membrane fraction,
cytoplasmic fraction and cell wall fraction.
The organelle membrane fractions in both root and
leaf of soybean (40), rice (56) and bean plants (262)
contain a relatively small portion (below 20%) of total
Cd in the cell. In water hyacinth, this fraction
contains about 20 to 30% of the total Cd (73). Further
analysis of Cd distribution in different organelles in
rice plants (56) reveals that the Cd content in the
nucleus plus plastid fraction is composed of about 8 to
13% of the total Cd whereas in the mitochondria plus
plastid and microsomal fraction, it accounts for only a
few percents of the total. In water hyacinth, the
mitochondrial fraction and microsomal fraction
contained about 20% and 9%, respectively (73).
The soluble cytoplasmic fraction is a major site
of Cd location, for it contains about 40% of the total
Cd in the root and the shoot of soybean (40), and more
than 70% in bean plants (262) and water hyacinth (73).
Cd in the soluble cytoplasmic fraction is bound with
several high molecular weight and low molecular weight
complexes (40, 56, 262). The soluble fraction includes
the cytosol and cell sap. In the cell sap, Cd may be
bound to various anionic and cationic organic complexes
(40, 202, 264). In the cytosol, the presence of Cd-
binding protein should play a role as discussed in Part
E of Literature Review..
Since the soluble fraction contains more than 70%
of total Cd in roots and leaves of a bean plant, the
significance of the cell wall in the binding of Cd is
not obvious in this case (262). However, cell wall is
thought to be the major site of Cd binding in the
barley root (55). Also, in soybean roots and leaves,
40% of Cd is bound to cell wall (40). In the case of
hydroponically grown rice, the importance of cell wall
increases as Cd treatment increases. At treatment
level of 0.005 ppm, it traps 21% of total Cd while at
0.1 ppm level of treatment, the portion is increased to
75% of the total (56). The major binding component in
the cell wall for Cd has not been studied but is
probably at the pectic site (55) similar to the case of
Zn (200). Lastly, it is worth mentioning that the
binding of Cd to the cuticle of plant cells has also
been reported (43).
In conclusion, based on the limited data
available, Cd seems to bind predominantly to the
soluble fraction of the plant cell. The importance of
cell wall in Cd uptake varies among plant species and
only trace amount of uptaken Cd is associated with the
organelle fraction. To understand the fine
distribution within each fraction, further
investigation is needed. Notwithstanding, other
factors such as the level of Cd treatment (123) and the
duration of treatment (40), which would also influence
the distribution pattern, should not be neglected.
(3) TRANSLOCATION OF CADMIUM IN PLANTS
(a) In the Root
Cd uptake in excised barley roots is thought to be
simply the processes of exchange adsorption and non-
metabolic binding to the cell wall or to macromolecules
within the cell, or even accumulate solely through
diffusion (55). However, the uptake in intact soybean
roots is energy-dependent (41).
Radiographic studies reveal that Cd is
translocated from the root to the epigeal parts via
vascular tissues (53), and then probably migrates
upward along the transpiration stream (202). Before
entering the stem xylem, it is anticipated that Cd
would pass through the region of the root symplast.
Along the course, Cd would encounter the possible
binding ligands such as pectin in the cell wall (200)
and Cd-binding proteins in the cytosol. Hindrance
arising from the process of binding may explain the lag
period observed between the time of Cd application and
its detection at the base of the stem in tomato plants
(202).
(b) In the Stem
After the above-mentioned lag period required for
Cd translocation from the root to the stem xylem, the
Cd level detected in the stem xylem exhibits a
sigmoidal behaviour (202) which is suggested to be
related to the proqressive saturation of the xylem with
Cd (249). This, is followed by a steady-state phase of
Cd accumulation in the stem xylem. Lateral migration
from the xylem to other parts of the stem starts
simultaneously and would extend to the epidermis by a
diffusion-like process (249).
Besides being accumulated in stem tissues, part of
the Cd would be translocated to leaf vascular tissues
through the xylem sap. The xylem, with many negatively
charged sites such as carboxylate groups of
galacturonic acid (156) is viewed as an cation exchange
column (202). Cd is thought to be in the form of a
divalent cation or a positively charged complex (202).
Owing to transpiration pull, the xylem sap is passed
along the stem, and Cd is continuously eluted from the
xylem to the sap or adsorbed from the sap to the xylem
through ionic exchange processes. Cationic Cd-
containing components have been isolated in xylem
exudates of soybean plants (40)
The above model implies that anionic or neutral Cd
complexes would not play any role in the translocation
process (202). This conclusion is in contrast with the
findings which report the exsistence of neutral or
anionic migrating Cd-containing molecules in xylem
exudates of tomato and soybean plant (40,265). In
fact, the xylem sap contain many potential complexing
agents in form of negatively charged amino acids and
organic acids (263) such as citrate and malate (264).
Afterall, the chemical nature of Cd during
translocation in the xylem sap is still not clearly
known from the available information.
(c) In the leaf
In the leaf, Cd translocation is not a simple
transpiration-dependent process (53, 150), but it may
be related to some ongoing metabolism (53). However,
the actual mechanism has yet to be established. The Cd
in the xylem sap of the stem will eventually reach the
vascular tissues of the leaf, from the petiole to the
major vein, the smaller veins and then to the whole
vascular tissues (53). From there it will then move
out to the symplast of the leaf (53, 202). The
movement of Cd in the leaf symplast seems to be bi¬
directional since Cd applied onto foliage may be
redistributed to other plant parts (89, 97, 110, 217).
Cd in the soybean leaf would be spread throughout the
whole leaf symplast (53) while in tomato plants, it
would ke accumulated towards the tip and the margin of
the leaf (202).
(4) UPTAKE KINETICS OF CADMIUM
The concept of enzyme-kinetic hypothesis of ion
transport and carrier function has been formulated (65,
68) and reviewed (67). However, simple Michaelis-
Menten (M-M) kinetics does not appear to be
consistently obeyed in the uptake of both monovalent
and divalent ions. In particular, the appearance of
two M-M curves is sometimes called 'dual pattern' which
should not be mixed up with the term 'dual mechanism'.
The deviation from simple M-M kinetics has led to two
schools of thought known as dual and multiphasic uptake
mechanisms (for reviews, see 67).
For the dual mechanism, it is believed that there
are two independent mechanisms, I and II, for the
uptake of ions (70, 76). Mechanism I has a high
affinity for ions and hence works predominantly in the
low level of ions in the medium. Hence, simple M-M
curves can be seen in the low concentration range.
When the ion concentration in the medium has reached a
relatively high level, the low-affinity mechanism II
also takes part and works in parallel with mechanism I
which has already reached its maximum velocity. The
presence of these two mechanisms can be interpreted
either as two sets of carrier sites (66), or two sets
of different carrier molecules (159).
On the other hand, Nissen (189, 190, 191, 192,
193) has proposed a multiphasic uptake hypothesis in
which a single carrier changes its affinity upon the
changes of ion concentration in the medium. It is
suggested (193) that one can distinguish these two
mechanisms by applying double reciprocal plots against
an extended range of ion concentration in the medium.
A continuous curve would be obtained if two or more
uptake mechanisms are operating simultaneously whereas
a series of discrete straight lines can be obtained for
a single mechanism undergoing all-or-none transition.
In this respect, most uptake patterns demonstate a
single multiphasic mechanism. On the contrary, when an
absorption isotherm is plotted over a wide range of
concentrations in the medium without breakage or change
of scale, a dual pattern can always be observed (67).
This observation can hardly be accounted for by a
single multiphasic mechanism. Moreover, it is hard to
find a carrier undergoing a series of all-or-none
transitions (67).
Reports concerning the kinetic study of Cd uptake
are rare. Using intact roots of rice seedlings, a dual
pattern (biphasic isotherms) of Cd uptake is observed
(108), in which the Km and Vmax values in the two
concentration'ranges differ significantly. Similarly,
a dual pattern is also seen in Cd uptake kinetics of
soybean roots (41). However, In the study on excised
kcily roots (55), the dual pattern of Cd uptake is not
obvious, which is probably due to the insufficience of
data throughout the extended range of Cd treatment.
The dual pattern of Cd uptake observed can be
explained by both the dual mechanism and multiphasic
mechanism discussed above. Moreover, the presence of
inducible binding apparatus, such as the Cd-binding
protein (Part E of Literature Review) and the possible
inducible xylem binding site in the stem (202), may
also lead to the polymorphic uptake pattern.
Furthermore, extrusion of Cd may also be proceeded as a
response to metal toxicity (256). If this mechanism
operates only after a threshold of Cd concentration in
the tissue andor stops after reaching a high toxic
level, the simplified M-M pattern of uptake will also
be changed. In fact, dual pattern in the uptake of a
bivalent heavy metal in the root is by no means
uncommon, as the phenomenon has been frequently
observed in the Mn uptake in barley (166) and the Fe
uptake in rice (137), etc.
Some factors affecting the kinetic pattern have
also been studied. In excised barley roots, the uptake
process is reported to be metabolically independent
(55), but is sensitive to metabolic inhibitors in
intact soybean roots (41). The effect of metabolic
inhibitor is also observed in other divalent heavy
metal uptake kinetics (137, 166). Furthermore, Zn, Cu
and Fe are found to affect the Km but not the Vmax of
Cd uptake kinetic in intact soybean roots. The data
suggest that those ions are competitive inhibitors of
Cd during the uptake process (41). The competitive
inhibition of other ions on Cd uptake can be explained
by their sharing of a common binding site in the root.
E. CADMIUM BINDING PROTEINS IN HIGHER PLANTS
In the animal system, the term 'metallothionein' was
coined initially for the Cd-, Zn- and Cu-containing S-rich
protein obtained from the equine renal cortex (134, 135).
The definition of 'metallothionein' is now well established
and has been extended to include any proteins resembling the
equine renal metallothionein in view of their characteristic
inducibility, high metal content, amino acid composition,
and optical features. (112). This issue has drawn much
attention from scientists owing to its potential in being a
detoxifying agent probably by sequestering the metal ions
away from the metabolic pathway (133, 260). The question of
whether 'metallothionein' andor the scavenger mechanism
exists in plant systems has become the central theme of
study when phytologists started to characterize the metal-
binding complexes in plants. Several characterized Cd-
binding complexes are, in general, similar but not Identical
to that of 'metallothionein'.
The detoxification effect of these metallothionein-like
Cd-binding complexes (CdBPs) may be achieved by restricting
the Cd translocation to the upper parts with the CdBP in the
root. The high percentage of Cd retained in roots has been
vastly reported (Table 11-10). In fact, these CdBPs were
found mostly in roots (Table 11-11). The mechanism of
detoxification by sequestering the soluble Cd in the cell is
hinted by the high binding capacity of Cd in the cytosol
(more than 70%) in some cell suspension cultures (86, 117)
and intact plant parts (56, 165, 208, 210). More direct
evidence has been obtained from the comparison of the amount
of CdBP production with the degree of Cd tolerance in
different cell suspension cultures. In Datura innoxia,
clones not producing any CdBP would be sensitive to Cd
toxicity whereas the tolerant ones would rapidly produce
these complexes in response to a challenge of Cd (117).
This all-or-none behaviour of CdBP production cannot be
observed in all instances. Instead, the basal level of
inducible CdBP is found in sensitive cultures of wild tomato
although the amount is five-fold lower than that of the
resistant isolates (15). The greater amount of CdBP
production observed in the resistant clones in both cases is
related to their Cd tolerance as compared to that in the
sensitive culture. This significant CdBP accumulation in
the resistant cultures may, in turn, explain its ten-fold
higher Cd tolerance when compared to that in the sensitive
culture of D. innoxia (15).
The contradictory argument against the sequestering
hypothesis is supported by Rauser (209) who reported that
CdBP does play a very limited role in the binding of Cd in
the root of Agrostis and tomato. Moreover, despite the high
binding efficiency of CdBP, the percentage of Cd in the root
q£ corn is much lower than that of Agrostis and tomato.
Rauser (209) then proposed an alternative hypothesis that
the reduction of Cd transferred to the shoot at the earliest
stage of exposure can be achieved only when a plant is able
to synthesize CdBP rapidly in response to the Cd stress.
While the role of these binding proteins is still not
clear, some other properties have been elucidated. In the
following, the properties of CdBP found in cell suspension
cultures, intact vegetative plant parts as well as the
methods approaching its isolation will be discussed.
(1) CADMIUM-PHYTOCHELA TIN IN CELL SUSPENSION
The name phytochelatin' was proposed for a group of
CdBP isolated from cell suspension cultures of both
dicotyledonous and monocotyledonous plants (86).
Phytochelatins from different cultures are shown to be
indistinguishable. They all occur as unique entities of low
molecular weight (3,500 daltons) which can be induced by Cu,
Hg and Pb in addition to Cd. They are probably composed of
a trimeric structure with the monomeric peptide sequence
(-Glutamic acid-Cysteine)n-Glycine (n= 3 to 7), and the
Cd:cysteine ratio at a value of 1:2. The amino acid
sequence and Cd—Cyteine relationship differ remarkably from
that of the vertebrate metallothionein (132) in spite of
their similarity in the circular dichroism and UV absorption
spectra.
As supportive evidence, a single low molecular weight
(2,000-5,000 daltons) cysteine-rich CdBP is also found in
cell suspension culture of wild tomato (15). The
inducibility of proteins sensitive to Cu and Zn in addition
to Cd is very similar to that of the phytochelatin. On the
other hand, although phytochelatin seems to be one of the
principal CdBP in cell suspension cultures, the possible
occurrence of another form of CdBP could not be neglected.
In Datura innoxia suspension cultures, two low molecular
weight Cd-binding entities were observed (117).
(2) CADMIUM-BINDING PROTEIN IN VEGETATIVE PARTS OF PLANTS
One drawback of employing cell suspension culture as
the model of CdBP studies is that since all the cells are
undifferentiated, the resulting pattern may not reflect the
real picture of that in a mature plant. Therefore it is
worthwhile having a review on the CdBP isolated from various
parts of the intact plant (Table 11-11). It can be seen
that most of the CdBPs occur in the root. The molecular
weight raises from 700 to 5,000 daltons in the bean leaf
(261) to 33,100 daltons in the total extract of rice (136).
Inducible CdBPs have been demonstrated in many plants. CdBP
also occurs as constitutive proteins in cabbage and tobacco
(255) but not in water hyacinth (73) and soybean (39).
Detailed analysis of some CdBPs reveals their high Cys
and low aromatic amino acid contents resembling that of the
vertebrate metallothionein (56, 74, 165, 210, 211, 254,
255). However, the high contents of GluGln (74, 165, 210,
TABLE 11-11














































































211, 254, 255) and Gly (74, 254, 255) in some CdBPs show a
marked difference from that of the vertebrate
metallothionein, but are similar to the property of
phytochelatin instead.
Cysteine is believed to be the major site of Cd binding
in vertebrate metallothionein (133). CdBP obtained from the
root of Agrostis has the ratio Cd:Cys= 1:2.7 (208, 211) and
from tomato, Cd+Zn+Cu:Cys= 1:2.3 (165). This exhibits
values greater than those of the vertebrate metallothionein,
where Cd:Cys= 1:3 (133) but smaller than that of the
phytochelatin, where Cd:Cys= 1:2 (86). These results
indicate that the Cd:metal ratios in plant CdBPs are closer
to that in vertebrate metallothionein since the slight
increase in the ratio can be explained by an incomplete
occupance of cysteine residues in Cd. On the other hand, no
satisfactory explanation can be proposed for the reduction
when compared with the 1:2 ratio of the phytochelatin,
unless the samples are still contaminated with free Cd.
The characteristics of amino acid composition and the
Cd-Cys interaction are reflected in the special optical
properties. A low absorption at 280 nm was commonly
observed due to little or no aromatic amino acid residues
(10, 39, 73, 74, 88, 136, 208, 211, 255). The Cd-Cys
chromophore also leads to a typically high absorption near
250 nm (10, 39, 73, 87, 136, 255) and a shoulder in the UV
absorption spectrum, between 250 nm and 260 nm (165, 208,
210 211). More specific evidence for Cd-thiolate bonding
can be demonstrated by using circular dichroism (218).
Cotton bands similar to that of vertebrate metallothionein
can be seen in the CdBP of Agrostis (211), tomato (165) and
corn (210), although these bands are shifted to longer
wavelengths as compared to those of vertebrate
metallothionein (218). One possible cause for the shift can
be the difference in amino acid composition and arrangement
between animal metallothionein and plant CdBPs (165). In
the case of the CdBP obtained from the water hyacinth root,
an extra negative cotton band is obtained (74). There is
still no satisfactory explanation for this specific feature,
however.
In addition, stability towards heat (39, 87, 165, 208,
211, 254, 255) and protease (39, 254, 255) are also
characteristic of some CdBPs.
(3) METHODS OF PURIFICATION
In the process of protein purification, attention
should be drawn towards the prevention of dissociation and
aggregation of the target protein, therefore, the
constituents in the extraction buffer are the first critical
criterion to be considered. A list of the extraction
buffers employed in various purification processes of CdBPs
is given in Table 11-12. Tris-HCl in a pH range 7.4-8.0 is
the most frequently used buffer type. Though not all the
functions of other constituents in the buffer have been
TABLE 11-12

















































































fully illustrated in the references, it is generally
considered that sucrose may act as a stabilizing agent, and
KCN as a protease inhibitor, whereas dithiothreitol, 2-
mercaptoethanol, and polyclar AT may serve as -SH group
protectors. Also known is that the inclusion of 2-
mercaptoethanol would increase the percentage of Cd bound to
the CdBP (210), and the effect may be further enhanced if
supplemented with ascorbic acid (209). However, the
occurrence of degradative effect of 2-mercaptoethanol,
during the preparation of CdBP from the root of water
hyacinth, has led to the belief that the use of 2-
mercaptoethanol is not suitable and should be replaced by
polyclar AT (74).
After extraction, the soluble fractions, containing the
target CdBPs, are subjected to various kinds of purification
steps. Gel filtration chromatography, which separates
different proteins according to their difference in
molecular size, is generally used in the preparation of
CdBPs as listed in Table 11-11. The ionic strength in the
eluting buffer is also critical since a low ionic strength
would cause aggregation or oligomerization (165).
Ion-exchange chromatography is another key step, though
it has been reported to be unsuccessful in some experiments
(255). Anion exchanges such as DEAE-Sephadex A-50 (87),
QAE-Sephadex A-25 (165, 208, 210, 211) and DE52 (10, 74)
have been successfully employed in many cases. However,
cation exchanger is employed in some cases (136). Eluting
the target CdBPs out of the ion exchange column is achieved
by step (74) and continuous (10, 165, 208, 210, 211) salt
gradient as well as continuous buffer gradient (87, 136).
Electrophoretic method has also been attempted by some
workers (10, 15, 254). In these experiments, localization
of CdBPs is achieved by atomic absorption and radioisotope
measurements following gel slicing. In situ gel staining
method can be an alternative localization method for CdBPs
in gel electrophoresis (275).
Ammonium sulphate precipitation is successfully
employed in only a few cases either as a means of
fractionation (39) or sample concentration (88). Other
purification steps such as heat shock (39, 88, 207, 208,
211), isoelectric focusing (207, 254), and chloroform-
butanol extraction (254, 255) have also been attempted.
III. EXPERIMENTS
A. PHYSIOLOGICAL EFFECTS AND UPTAKE OF CADMIUM
IN SEEDLINGS OF
Pisum sativum, L.f var. Alaska
(1) MATERIALS AND METHODS
(a) Plant Material and Chemicals
Seeds of Pisum sativum, L., var. Alaska were
obtained from commercial source (packed by K. W. Johns
Co.). All seedlings were grown in a complete nutrient
solution (180) consisting of Ca(N03)2 (5 mM), KNO3 (5
mM), MgS04 (2 mM), KH2 P04 (1 mM), FeEDTA (0.11 mM),
H3BO3 (0.05 mM), MnCl2.4H20 (9.1 pM), ZnCl2 (0.81 mM),
CuCl2 .2H2 O (0.29 mM), and Na2Mo04 .2H2O (0.1 mM).
Cadmium (Cd) ions were added in the form of sulphate.
Mixed acid was prepared by mixing 5 volumes of
concentrated nitric acid, 1 volume of 60% perchlorate
acid, and 0.5 volume of concentrated sulphuric acid.
Indole-3-acetic acid (IAA) was dissolved in alkaline
solution (2 M KOH) and then diluted with water to an
appropriate concentration.
(b) Germination of Seeds
Seeds were soaked in a complete nutrient solution
(pH 5.8), added with various concentrations of Cd, in
petri dishes; 5 seeds per petri dish and 20 seeds per
Cd concentration. The petri dishes were kept in the
dark at 24 °C and the solution was renewed daily. The
length of radicles was measured after 7 days.
(c) Early Development of Seedlings
Seeds were firstly surface sterilized with diluted
bleaching solution for 10 minutes and then allowed to
germinate in running tap water in trays for 2 to 3 days
until the radicles reached a length of 2 to 3 cm but
before the plumules emerged. The seedlings were
transferred to the holes (about 2 cm apart) on thick
pitted foams (12 cm x 42 cm x 1 cm), 20 seedlings per
foam. The holes should be small enough to hold firm
the cotyledons but should also be large enough for the
main root to penetrate to the culture solution. The
set-up s were then floated on complete nutrient
solutions, containing different concentrations of Cd.
The greenhouse conditions were at 26 to 32 °C, 60 to
80% humidity, 14-hour natural light cycle. Distilled
water was sprayed over the seeds twice daily to keep
them moist during germination. The solution medium was
replaced every 3 days and aeration was applied for 10
minutes twice daily. Data of shoot length and number
of foliage leaves were measured daily for 13 days as
the physiological parameters of early stage
development.
(d) General Physiology
Surface sterilized seeds were allowed to germinate
in running tap water in trays for 4 to 5 days until the
plumules were developed, and the radicles were about 3
to 4 cm in length. These seedlings were then
transferred to similar set-ups and under growth
conditions described above. After the plumules had
just developed, pea seedlings were treated with low Cd
dosages (0 to 0.25 ppm, 5 seedlings per treatment) and
high Cd dosages (0 to 20 ppm, 20 seedlings per
treatment) for 7 days. The plants were then excised
into 4 parts: the root {main root and lateral roots);
the lower stem (the first 2 internodes from the base);
the upper stem (the remaining part); and the leaf (all
foliage leaves, primary leaves and buds). A series of
physiological parameters such as fresh weight, dry
weight, length, leaf area, chlorophyll content, etc.,
were measured.
(e) Chlorophyll Content
Chlorophyll content was measured as described by
Arnon (8). About 0.5 g of fresh leaves were
homogenized (4 °C) and extracted firstly with 1 ml
methanol:chloroform (2:1, vv) followed by acetone
washing. The final mixture was made up to 25 ml with
distilled water. Absorbance at 652 nm was read
(Beckman DU-7 Spectrometer) and chlorophyll content
was calculated using the following formula:
(O.D. at 652 nm34.5) x (25g fresh weight of leaves)
= content of chlorophyll (mgg fresh weight)
(f) Scanning Electron Microscopy
Mature pea roots (both 5 ppm Cd-treated and
untreated) were quick—frozen in liquid nitrogen, and
were cut into sections longitudinally or transversely
prior to fixation in 3% glutaraldehyde in 0.1 M Na-
cacodylate buffer (pH 7.2), at 4 °C for 2 hours. The
sections were washed in the same buffet for 30 minutes.
Post-fixation was done by immersion in 1% 0s04 in the
same buffer for 2 hours at 4 °C. After being rinsed in
the same buffer for 5 minutes, the sections were
dehydrated in a sequence of 30% alcohol (4 °C, 5
minutes), 50% alcohol (4 °C, 5 minutes), 70% alcohol (4
°C, 5 minutes), 85% alcohol (4 °C, 5 minutes), 95%
alcohol (4 °C, 20 minutes), absolute alcohol (room
temperature, 20 minutes, 2 changes), and finally n-amyl
acetate (room temperature, 20 minutes, 2 changes).
They were then subjected to critical point drying with
liquid carbon dioxide. The sections were gold-coated
and examined under a scanning electron microscope
(Cambridge, SEM 250).
(g) Assay for Cd
Roots of Cd-treated plants were firstly blotted
dry and excised into a beaker of distilled water for
several-minute preliminary washing to get rid of Cd
adsorbed on the root surface. After being soaked in 20
mM EDTA for 2 minutes, they were put: into a cheese¬
cloth bag for 4-hour washing in running tap water, and
subsequently washed once more with distilled water and
blotted dry for fresh weight measurement. This root
material and other plant parts were oven-dried for 24
hours at 120 °C, and were allowed to cool inside a
desiccator for subsequent dry weight measurement. For
mixed acid digestion (2), portions of 0.1 to 0.6 g
oven-dried material were each weighed and transferred
to a 50 ml boiling tube, added with 10 ml of mixed
acid. The mixture was allowed to equilibrate for 30
minutes at room temperature before being tranferred to
the Kjedahl digestion block (Gerhardt, 6040). The
digestion was first carried out at 120 °C for 1 hour
before the temperature was raised to 160 °C. During
heating, a small glass filter funnel was placed on the
mouth of each tube in order to reflux the evaporated
acid. The digestion was completed when no more brown
and white fume evolved, and the solution became clear.
The resulting solution was filtered with Whatman No. 42
filter paper and diluted appropriately for atomic
absorption spectroscopic measurement (Varian Techtron,
AA1475AB) at a wavelength of 228.8 nm. For very
accurate Cd assay, standard addition method was
employed (231) .1
(h) Effect of Exogenous Indole-3-acetic Acid (IAA)
The effect of exogenous IAA on the elongation of
the main root were studied during the early stages of
seedling development. IAA was added simultaneously
with Cd during treatment. The length of the main root
was measured after 10 days.
(2) RESULTS AND DISCUSSION
(a) Initiation and Elongation of Radicles
As indicated in Table III—1, cd treatment as high
as 10 ppm caused no significant depression in radicle
initiation; 85% (17 out of 20) of seedlings had
developed radicle initiation as compared to that of
100% in the control. Above 10 ppm level, the
inhibitory effect on radicle initiation became more
prominent, with over 50% of the 20 ppm treated seeds
failing to germinate.
The subsequent radicle elongation became retarded
at a much lower level of Cd treatment (Table III-l,
Plate 1). At a level of 5 ppm Cd, 10% (2 out of 20) of
the radicles were up to 1 cm long as compared to 65% in
the control. At as low as 1 ppm Cd, none of the 20
seedlings had their radicles reaching 2 cm long as
compared to 65% in the control. The inhibitory effect
of Cd was thus more drastic on radicle elongation than
on seed germination. Similar observation has also been
reported in ryegrass where the inhibitory effect of Cd
was on subsequent root elongation rather than on seed
germination (271).
(b) Early Development of Seedlings
A young seedling which gave rise to foliage leaves
was regarded as 'alive', thus the LDso of Cd should be
at about 18 ppm (Figure 1). In the present study, the
TABLE III-l
Effect of Cd on Radicle Initiation and Elongation During Seed
Germination
Twenty pea seeds (per treatment) were germinated in complete
nutrient solutions containing various concentrations of Cd.
Nutrient solutions were changed at daily intervals. Measurement
of radicles initiated from germinating seeds were recorded after
seven days of treatment.
Radicle Developmant
No. of seeds with
radicles initiated
No. of seeds with
radicles 1 cm
No. of seeds with
radicles 2 cm
Cd Treatment (ppm)
0 1 5 10 20
20 19 19 17 8
13 11 2 0 0
13 0 0 0 0
Plate 1. Effect'of Cd treatment on elongation
of radicles. Pea seeds were germinated in petri
dishes containing complete nutrient solution
added with various concentrations of Cd. The
inhibitory effect of Cd on the elongation of
radicles seems to be parallel to the increase
in Cd concentration of the culture media.
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Figure 1. Effect of Cd treatment on viability
of seedlings during early stages of development.
Pea seedlings obtained 2 to 3 days after
germination were treated with various
concentrations of Cd contained in complete
nutrient solutions for 13 days (20 seedlings
per treatment). The seedlings which gave rise
to foliage leaves were regarded as 'alive'.
LDq estimated from the graph is about 18 ppm.
average shoot length and number of foliage leaves per
plant were used as two parameters to indicate the early
development of pea seedlings. Measurements were taken
at daily intervals to obtain an overall trend of their
early growth. Both parameters gave similar patterns
(Figures 2a and b).
As shown in Figures 2a and b, after a common
lag period of about 4 to 6 days, the early growth of
pea seedlings of different Cd treatments became varied.
The inhibitory effect was detectable, although not
significant (p greater than 0.05), in the 1 ppm Cd-
treated group and was intensified in the 10 ppm Cd-
treated group, and became greatest in the 20 ppm Cd-
treated plants which grew worst. This observation
indicated an obviously dosage-dependent inhibitory
effect of Cd on the early development of pea seedlings.
(c) General Physiology
Seedlings were treated only after their plumules
were developed. At this stage, nearly all seedlings
could survive in the presence of Cd as high as 20 ppm.
(i) Visible Symptoms
Symptoms of Cd toxicity in plants first became
visible at 5 ppm Cd treatment. The effect appeared
Figure 2. Effect of Cd treatment on early
development of pea seedlings. Pea seedlings
obtained 2 to 3 days after germination were
treated with various concentrations of Cd contained
in complete nutrient solutions. Average shoot
length (a) and average number of foliage leaves
(b) were measured at daily intervals for a period












to be prominent at 10 and 20 ppm of Cd treatment,
beginning with the first sign of stunted shoot
growth, followed by retardation of main root and
lateral root development after 3 to 4 days of
treatment.
After 4 to 5 days of Cd treatment, the newly
emerged leaves seemed to have a paler colour than
that of the old leaves. The quantitative study
showed that the average chlorophyll content of
leaves decreased as the level of Cd treatment
increased (Figure 3).
After another 1 to 2 days, the leaves of the
treated plants started to wilt. The yellowing of
leaves began to appear at the edges, which was in
agreement with the suggestion that Cd was
accumulated in the tissues near the margin. This
suggestion was based on the finding in tomato
plants, where the Cd migrated upward along the
pathway of the transpiratory flux, and was
eventually accumulated at the tip and the margin of
the leaves (202). In one batch of plants which was
further observed after 12 days of treatment, leaf
wilting and abscission were noted. Generally,
chlorosis and wilting would occur earlier in younger
leaves than in older leaves. Comparable observation
has been reported in Chrysanthemum sp. (144).
After 6 to 7 days of treatment, the plants
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Figure 3. Effect of Cd treatment on the chlorophyll
content of foliage leaves. Pea seedlings obtained 4
to 5 days after germination were treated with various
concentrations of Cd contained in complete nutrient
solutions for 7 days (20 seedlings per treatment).
Foliage leaves from each treatment were excised and
measured for chlorophyll content using Arnon's (1949)
me thod.
treated with 10 and 20 ppm Cd started to constrict
at the middle of the stem. This was also detected
in plants treated by spraying Cd directly on the
leaves instead of adding to the culture medium. The
reason for this appearance was not clear but it
might be related to a blockage in translocation
pathways. A vascular blockage in shoots at the
point of transfer to the leaves has, indeed, been
suggested in some reports (53, 206). After 7 days
of 20 ppm of Cd treatment, when roots were being
harvested, necrosis was also noticeable.
(ii) Enhancement on Growth by Low Dosages of Cd
With a very small dosage of 0.025 ppm, the
growth of various parts of the plant was slightly
enhanced (Table III-2). Such enhancing effect has
also happened in lettuce (128, 244) and radish (89,
244). John and Van Laerhoven (128) suggested that
it might be due to the indirect effects of Cd on the
uptake of other ions (Tables II-6 a to c). Although
the actual reason for this phenomenon is
controversial and lack of solid evidence, it is
definitely clear that the enhancing effect did not
hold for an extended range of Cd treatment and
stopped when reaching a slightly increased level
such as 0.25 ppm.
TABLE III-2
Effects of Low Dosage of Cd Treatment.
Pea seedings obtained 4 to 5 days after germination were treated with
0, 0.025 and 0.25 ppm Cd containing in complete nutrient solution for 7
days( 5 seedings per treatment). A series of physiological parameters
were measured. The enhancement effect of Cd can be observed at 0.025 ppm
level.
Physiological Parameters8
Length of Shoot (cm)
Length of Main Root (cm)
Area of Foliage LeavesMcm2)




























a: All results presented as Mean± S.D., N-5
b: Sum of second and third pairs of foliage leaves
c: sum of all foliage leaves and primary leaves
(iii) Inhibition on growth by High Dosages of Cd
Plate 2 shows the appearance of pea plants
selected from different treatments of Cd. Generally
speaking, the inhibitory effect was very obvious at
5 ppm or higher concentrations of Cd. Figures 4a to
c present results on the aerial parts. The
inhibitory effects of Cd on the length of shoots,
the number and surface area of foliage leaves (sum
of the second and third pairs) were clearly seen at
5, 10 and 20 ppm Cd treatments. At low Cd
concentrations such as 1 ppm, the reduction in the
development of leaves (number and area) appeared to
be insignificant (p greater then 0.05). Similar
patterns could be obtained from Figures 5a to c
which focused on the root system including the
length of main root, number of lateral roots and
total length of lateral roots. All these parameters
were reduced at 5 ppm level. At 1 ppm level, the
growth of lateral roots (number and total length)
were not significantly affected (p greater then
0.05). Similar inhibitory effects have also been
found in other plant species as shown in Table II-3.
Yield reduction caused by Cd addition, which
has been widely reported, was also studied in this
work (Figure 6). Both fresh and dry weights of
Plate 2. Inhibition of Cd treatment on general
growth of pea plants. Pea seedlings obtained 4
to 5 days after germination were treated with
various concentrations of Cd contained in
complete nutrient solution for 7 days. The
photograph, showing the appearance of both
aerial parts and roots of plants, reveals a
general inhibitory effect of Cd on plant growth.
Figure 4. Effect of Cd treatment on the
development of aerial part of pea. Pea seedlings
obtained 4 to 5 days after germination were treated
with various concentrations of Cd contained in
complete nutrient solutions (20 seedlings per
treatment). Physiological parameters, average
shoot length (a), average number of foliage leaves
(b) and average area of foliage leaves (sum of
second and third pairs) (c), were recorded after 7









Figure 5. Effect of Cd treatment on the
development of root part of pea. Pea seedlings
obtained 4 to 5 days after germination were
treated with various concentrations of Cd contained
in complete nutrient solutions (20 seedlings per
treatment). Physiological parameters, average
length of main root (a), average number of lateral
root (b) and average total length of lateral root
(c),were recorded after 7 days. The mean values
and SEM are shown on the graph.
AVERAGE TOTAL LENGTH





Figure 6. Effect of Cd treatment on yield of
different parts of pea. Pea seedlings obtained
4 to 5 days after germination were treated with
various concentrations of Cd contained in complete
nutrient solutions (20 seedlings per treatment).
Average values of fresh weight (a) and dry weight
(b) of the root, lower stem, upper stem and leaves






leaves and upper stems showed a decline even at a
level as low as 1 ppm Cd. The degree of yield
reduction was directly related to the dosage of Cd,
with leaves being affected the most. On the other
hand, the fresh and dry weights of roots showed a
decrease only at levels greater than 1 ppm Cd while
no reduction in the lower stems could be detected.
Surprisingly, the dry weight of lower stems showed a
slight increase as the dosage of Cd was increased.
The pattern of differential response in different
parts of the plant to Cd stress is similar to that
in soybean in which the leaf was affectd most,
followed by the stem, then by the root (53).
Many factors might contribute to the
differential organ responses. One of them might be
the difference in the percentage of water content in
different parts. Figure 7 shows that the degree of
reduction increased from roots towards the aerial
parts (i.e. root lower stem upper stem leaf).
The phenomena of drying-up of leaves and
constriction of stems, discussed previously,
suggested that a blockage in the vascular system
might be responsible for the retardation in water
translocation. Such a hypothesis might be further
supported by the scanning microscopic examination of
roots in L.S. (longitudinal sections) shown in
Plates 3A and B and T.S. (transverse sections)
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Eigure 7. Effect of Cd treatment on percentage of water content.
Using the data in Figure 6, the percentages of water content in
the root, the lower stem, the upper stem and the leaf were





Plate 3. Scanning-electron micrographs of
longitudinal sections (LS) of xylem vessels
of main root. Pea seedlings obtained on 4
to 5 days after germination were treated
with 0 (A) and 5 (B) ppm Cd contained in
complete nutrient solutions for 7 days.
The root was harvested, quick-frozen and cut
longitudinally before examined under scanning
electron microscope. The difference in the
size of lateral aperture of xylem vessels
between control and Cd-treated roots are
clearly observed.
shown in Plates 4A and B. In the L.S. of 5 ppm Cd-
treated roots (Plate 3B), the size of the pits,
located on the lateral wall of the xylem vessel, was
much smaller than that of the control (Plate 3A).
Debris seemed to be deposited at the aperture and
hence reduced its size. This deposition of debris
was also apparent in the T.S. (Plates 4A and B).
Similar plugging of xylem elements has also been
reported in soybean (53) and silver maple (152).
In silver maple, the blockage of xylem vessel was
also related to the cellular debris (152).
(d) Uptake of Cd by Different Parts of the Plant
Figure 8 shows the concentration of Cd uptaken by
different parts of the plant. Reported results in Cd
uptake in pea plants seemed to be quite contradictory
to one another. Dowdy and Larson (60) have claimed
that shoots contained more Cd than roots whereas John
(123) has noted the opposite. In the present study,
the concentration of Cd accumulated in all parts of the
plant increased as Cd treatment was elevated. At all
levels of treatment, however, the root possessed the
highest content of Cd, followed by the lower stem, the
upper stem and finally, by the leaf. The concentration
of Cd in the root was greater than that of other plant
parts by more than one order of magnitude.
Plate 4. Scanning-electron micrographs of
transverse sections of xylem vessels of
main root. Root material obtained as
described in Plate 3 was cut transversely
for scanning-electron microscopic study.
Cell debris deposition is absent in xylem
vessels of 0 ppm Cd-treatment (A) but clearly
seen in 5 ppm Cd-treated roots (B).
Figure 8. Cd uptake in different parts of the
plant. Pea seedlings obtained 4 to 5 days after
germination were treated with various concentrations
of Cd contained in complete nutrient solutions (20
seedlings per treatment) for 7 days. After washing
the root, the plant was divided into 4 parts: the
root, the lower stem, the upper stem and the leaf.
The oven-dried samples (0.1 to 0.6 g) collected
from each part were subjected to mixed acid





ROOT LOWER STEM UPPER STEM LEAF
The relation between the percentage of yield
reduction and the concentration of Cd in different
plant parts could be summarized as in Table III-3. In
the tissues of root, upper stem and leaf, any increase
in Cd concentration would lead to a reduction in yield.
The upper stem and the leaf were more severely affected
than the root although the latter contained the highest
concentration of Cd. Hence, the ability of a plant
part to resist Cd toxicity seems to be related to its
capability of Cd accumulation in its tissues before
growth is seriously affected. It thus indicated that
the root was the most tolerant among various parts of
the plant. Another interesting point was the
increasing yield of the lower stem as Cd was
accumulated. One possible explanation is that since
there was a translocation hindrance in the plant,
nutrients stored in the cotyledons was not acessible to
the upper stem and the leaf. The lower stem, by
getting more nutrients from the cotyledons, exhibited a
better yield despite the Cd stress.
The percentage of total Cd distribution has also
been determined. The results showed that as the dosage
of cd was increased, more Cd tended to accumulate in
the root but less in the leaf (Figure 9), with the
upper stem and the lower stem displaying intermediate
levels of accumulation (Data not shown). This
observation is similar to that found in soybean (53),
TABLE III-3
Correlation—Between Yield and Cd Concentration in Different
Parts of the Plant
Pea seedings obtained 4 to 5 days after germination were
treated with various concentration of Cd contained in complete
nutrient solution for 7 days (20 seedings per treatment). The
yield and Cd concentration of different parts of the plant were
determined. The yield was expressed in form of percentage
compared with the control. Cd accumulated in tissue generally
caused reduction of yield in the root, the upper stem and the
































































Figure 9. Percentage of total Cd distributed in the leaf and
the root. Data of Figure 6b and Figure 8 were summarized to
obtain the total amount of Cd located in the root and leaf.
in which the increase in Cd treatment suppressed the
proportion of Cd translocated to the epigeal parts pf
the plant. The main site of translocation hindrance
has been suggested to be at the junction between the
stem and the leaf (53) or between the root and the stem
(120). The vascular blockage in the root shown in this
study might partially account for the latter
hypothesis.
(e) Effect of Indole-3-acetic Acid (IAA)
Exogenous IAA application has been shown to be
able to compensate for the effect of Pb on cell
elongation (154). The interaction between IAA and
other heavy metals such as Cd has not yet been studied.
In this work, elongation of the main root of pea
seedling which was seriously inhibited by Cd (Figure
5a), was chosen for the study. IAA effect was not
prominent in mature plants (Data not shown), however,
its effect on root development in young seedlings was
more obvious (Figure 10).
The length of the main root of the control
seedlings increased along with the increase in IAA
treatment at the initial stage, and it decreased
slightly after reaching an optimal IAA concentration
(10 mM). In 5 ppm Cd-treated seedlings, the main root





Figure 10. Compensation effect- of IAA on Cd toxicity
in main root of the plant. Pea seedlings obtained 2
to 3 days after germination were treated with 0, 5 and
20 ppm Cd contained in complete nutrient solutions.
For each batch of plants treated with different
concentrations of Cd, they were subdivided into 4
groups supplemented with 0, 1, 10 and 100 iM of IAA.
The length of main root of each plant was measured
after 12 days. The mean values and SEM are shown in
the figure.
increased (Figure 10). At 100 mM IAA level, the main
root length of 5 ppm Cd—treated seedlings showed no
significant difference (p greater than 0.05) from that
of the control plants which had neither Cd nor IAA
added. It appeared that there is some sort of
compensation effect exerted by certain amount of IAA
which lessens the inhibition on growth by Cd.
However, when the plants were treated with higher Cd
concentrations (such as 20 ppm), the elongation of the
main root was completely inhibited and IAA did not seem
to have compensation effect any longer.
There are many possibilities for the mediation of
Cd effect by IAA action. If Cd induced the synthesis
of IAA oxidase similar to the action of Pb in Triticam
aestivum (154), the addition of exogenous IAA might act
directly to compensate for the loss of the plant
hormone caused by the Pb due to over-production of IAA
oxidase. On the other hand, the possibility of IAA
effect on reduction of Cd uptake did not seem to be
valid since no consistent relation was obtained between
the Cd uptake and IAA treatment in the root (Table III-
4).
Cd and IAA might also act antagonistically in the
mechanism of cell elongation. For example, there was
similarity in the electronic properties of Cd and Ca,
and Ca was important for cell wall plasticity and
elongation. The addition of Ca would increase the
TABLE III-4
Effect of Exogenous IAA on Uptake of Cd in Main Root
Pea seedings were obtained 2 to 3 days after germination.
Half of the plants were treated with 5 ppm Cd whereas the other
half was retained as the control. In both batches, twenty plants
(per treatment) were treated with 0, 0.1, 1.0, 10.0 or 100 pM IAA
stimultaneously for 10 days. The concentration of Cd in root















rigidity of the cell wall by the formation of Ca-
pectate complex (27, 51, 64, 259). Cd might thus act
similarly to Ca, and hence it retarded the cell
elongation. IAA was able to remove Ca from the pectic
substances and thus induced cell wall loosening (259).
Therefore, if Cd behaved as Ca in the formation of
metal-pectate complex, IAA might also release Cd
accordingly.
(3) CONCLUSION
Reports concerning the effects of Cd on pea plants were
relatively rare and incomplete (87, 123). In the present
study, effects of Cd on different stages of pea development
have been reported. The killing effect appeared to be more
severe during younger stages. The root, containing the
highest concentration of Cd in the tissue when compared to
the other plant parts, was more tolerant to Cd. Since the
root might play a role in detoxification by trapping the Cd
ions (32, 233), a well-developed root system was essential
for the resistance power. It would partly account for the
phenomenon that the development at early stage (root system
not fully developed) was more sensitive to Cd.
The ability of the root to retain Cd might be due to
the presence of a Cd-binding complex which was widely
reported in other plant species (Table II-9). Surprisingly,
such a Cd-binding complex has been reported in leaves (88)
whereas its occurrence in roots is still not fully
established. In addition, the trapping of Cd in the root
might also be indirectly due to the vascular blockage which
accounted for the hindrance of water translocation in
plants. As far as the effect of plant hormone on Cd uptake
is concerned, mediation by exogenous IAA on main root
elongation of the Cd-treated plants has also been studied.
The plant regulator did not affect the Cd inhibition on
growth when the plants were treated with higher
concentrations of Cd.(20 ppm). However, when the pea plants
were treated with low Cd concentration such as 5 ppm, IAA
demonstrated a clear compensation effect which eliminated
the toxicity originally exerted by Cd. The actual mode of
action behind this observation is yet to be clearly
understood.
B. TOLERANCE TO AND DISTRIBUTION OF CADMIUM lis
Festuca rubra, L.f cv. Merlii
(1) MATERIALS AND METHODS
(a) Growth and Harvest
Seeds of Merlin were obtained from commercial
source (W.W. Johnson and Son Ltd., Boston, U.K.).
About 10 g of seeds were sown on a piece of nylon mesh
mounted on a foam frame and floated on complete
nutrient solution (pH 5.8) in a foam box (180). All
set-ups were placed under green house conditions
similar to that .described in Part A of Experiments. The
seeds were sprayed with distilled water twice daily to
maintain moisture during germination and the nutrient
solution was renewed weekly. After 3 to 4 weeks,
plants were treated with various concentrations of Cd
contained in the complete nutrient solution (pH 5.8)
for 12 days. For physiological study, 50 plants were
chosen randomly from each treated batch and each of
these was excised into two parts, the root and the
aerial part. The lengths of the longest leaf and the
longest root were measured as the shoot length and the
root length respectively. The remaining plant material
was reserved for Cd assay.
(b) Mixed Acid Digestion and Cd Assay
All procedures of root washing, mixed acid
digestion and atomic absorption spectroscopy were
performed as mentioned in Part A of Experiments.
(2) RESULTS AND DISCUSSION
Plants of some species which were not tolerant to heavy
metal might have the potential to evolve into heavy metal
tolerant ecotypes (111), and this evolved character was
usually genetically inheritable (76, 77, 173, 246). Plants
of Festuca rubra, L., grown in soil which contained a rather
high level of Cu, Zn and Pb were tolerant to all three
metals (270). The cultivar Merlin of this species, bred by
Professor A. D. Bradshaw, was tolerant to Zn and Pb up to 1%
each (233). Preliminary studies indicated that the 3 to 4
weeks old plants could survive without wilting for at least
30 days in a complete nutrient solution containing as high
as 250 ppm Cd (Data not shown). It was, therefore,
believed that Merlin might also tolerate Cd, and thus was
possibly an ideal plant material for studying the mechanism
of heavy metal tolerance. Data were reported here on the
degrees of tolerance as well as the Cd uptake patterns in
different parts of this cultivar. To prevent any
interference due to soil properties on the uptake of Cd
(Table II—8), all plants were grown in solution media.
(a) Effects of Cd versus Level of Treatment
The effects of Cd on the elongation of the root
and shoot were used as an indicator of its influence on
growth. As shown in Figures 11a and b, Cd did not
significantly inhibit the elongation of the root and
shoot at low levels of Cd treatment. Especially in the
root, the inhibitory effect was observable only at a
very high level of Cd treatment. For most other plant
species, growth would be significantly retarded when
treated with just more than 10 ppm Cd (16, 17, 197 and
others). In the present study, however, the growth of
both the shoot and root of Merlin did not show any
symptom of inhibition at this level. On the contrary,
with treatment of 100 ppm or less, some enhancement was
even shown on the elongation of the root when compared
to that of the controls. This kind of enhancing effect
of Cd on the growth of other plant species has also
been reported elsewhere (Table II —5). Although the
mechanism of this phenomenon is still controversial, it
has been suggested to be related to the effect of Cd
on the uptake of other nutrient ions (128). Above the
Figure 11. Effect of Cd treatment on the shoot
and root lengths of Merlin. Three to four weeks
old plants grown in complete nutrient solutions
were treated with various concentrations of Cd for
12 days. Fifty plants were randomly selected from
each group for the measurement of root and shoot
lengths. The mean values and SEM (a) and the





CADMIUM TREATMENT (FPM x 102)
level of 100 ppm of Cd, the percentage of inhibition
would increase slowly throughout the extended range of
Cd treatment (100-800 ppm). Experimental data
indicated that there was a 25% reduction in the
elongation of the root and shoot when the Cd levels
were as high as 400 and 750 ppm, respectively.
(b) Effects of Cd versus Concentration in the Tissues
The above results only showed the resistance of
seedlings to the different Cd levels in the growth
medium. The tolerance might be due to (i) the ability
of tissues to withstand a high concentration of Cd, or
(ii) the ability of tissues to maintain a low level of
Cd by extrusion or translocation process (242, 250).
The correlation between the root and shoot lengths
(percentage compared to control plants) and Cd
concentrations in each plant part did not show a linear
relationship (Figure 12). It contradicts to that
found in corn (216) which shows a linear relationship,
but resembles that observed in soybean (175) which
shows a threshold level of tolerance when the Cd
concentration in the plant part is low.
In Merlin, the threshold level was extraordinarily
high, especially in the root tissues which could
withstand as much as 6.6 mg Cdg dry weight before
Figure 12. Reduction of root and shoot lengths due
to accumulation of Cd in the tissues. The data of
Figure 11 and Figure 14(a) were reorganized to show
the degree of tolerance of different tissues upon
Cd accumulation inside the tissues. Lengths of
root and shoot expressed as the percentage compared
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inhibitory effect became apparent. Therefore, it was
unlikely that the extrusion mechanism has taken place
and the resistance to the toxic effects of the
accumulated Cd might probably be the major mechanism of
Cd tolerance in the root tissues. In these tissues, it
was expected that the uptaken Cd would be sequestered
away from the metabolic pathway by being associated
with binding sites or molecules on the cell wall or the
cytoplasm. This suggestion was further demonstrated by
the results from the study on the subcellular
localization of Cd (Part C of Experiments) and the
isolation of Cd-binding complexes (Part E of
Experiments) in the root tissues.
On the other hand, aerial elongation was inhibited
drastically when the Cd concentration in the tissue
exceeded 150 pgg dry weight. Although the shoot
tissues should have a much lower tolerance than the
root tissues, their withstanding capacity was already
much higher than that found in F. rubrs, L. (less than
100 ugg dry weight), the heavy metal-sensitive wild
type (77). It was thus logical to speculate that the
shoot tissues might also, to some extent, be resistant
to the Cd uptaken. Since roots showed a much higher
threshold (44-fold) for Cd uptake than shoots, the
plant might lessen the Cd stress in the shoot by
restricting the translocation of Cd from the root to
the shoot.
(c) Relative Degree of Tolerance of Roots and Shoots
Different plant parts have been reported to have
differential Cd sensitivities in many species (53, 206,
216). In Merlin, roots appeared to be much more
tolerant to Cd than shoots, and this pattern was
similarly found in soybean (53) but the relationship
is reversed in the cases of corn (216) and bean (206).
Some statistical calculations (Table III-5) were
presented to illustrate the relatively higher tolerance
of roots. As indicated in the result of t-test, the
shoot length was significantly (p less than 0.05)
affected by Cd treatment of 10 ppm whereas the root
length became significantly reduced (p less than 0.05)
only after the treatment level reached over 250 ppm.
Further evidence on the higher tolerance of roots could
be verified from the data of shoot lengthroot length
ratio (Table III-5).
Since both parts of the plant were not affected
significantly with 10 ppm Cd treatment, the ratio
did not deviate, from that of the control. At 100 ppm
Cd level, however, a significant (p less than 0.05)
reduction in the ratio was displayed. At this point,
shoots were affected more severely than roots.
Surprisingly, there was no significant reduction in the
TABLE III-5
Level of Significance of the Effect of Cd treatment on Shoot and
Root Length
Three to four weeks old Festuca rubra plants grown in
complete nutrient solution (pH 5.8) were treated with various
concentrations of Cd for 12 days. Fifty plants from each batch
were randomly selected for the measurement of root and shoot
lengths. Level of significant differences was calculated by T-
test method using pooled variance.
T-test Pairs
0 vs 10 ppm
0 vs 100 ppm
0 vs 250 ppm
0 vs 500 ppm
0 vs 800 ppm
Probability
















ratio at Cd level of 250 ppm. This might be due to the
high variation in the population. Another evidence of
this differential tolerance was obtained by comparing
the percentage of water content (Figure 13). The
percentage of water content remained nearly constant in
roots but decreased gradually in shoots as the level of
Cd treatment was increased.
(d) Uptake and Distribution of Cd in Different Parts
of the Plant
The concentrations of Cd in the root and shoot
(aerial parts) were shown in Figure 14a. The data
indicated that Cd was steadily accumulated in these
plant parts, as the Cd contents were much higher than
that in the growth medium. It has been suggested that
in the plant populations which were tolerant to heavy
metals, small but significant amount of heavy metal was
translocated to the aerial parts (32, 233). A
comparison of Cd content in the root and shoot would
lead to a better understanding of the mechanism of Cd
tolerance of these plants studied.
Between 0 to 250 ppm Cd treatments, the Cd
concentration in the root increased rapidly (from 0 to
11.5 mgg dry weight) whereas in the aerial parts it
was maintained at relatively low levels, (0 to 0.375
ingg dry weight). When the Cd treatment was higher
Figure 13. Effect of Cd treatment on the
percentage of root water content. Three to four
weeks old grasses grown in complete nutrient
solutions were treated with various concentrations
of Cd for 12 days. The fresh weight and dry
weight were measured. The percentage of water
content was calculated as: (fresh weight- dry
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Figure 14. Accumulation of Cd in root and shoot
tissues. Three to four weeks old grasses grown in
complete nutrient solutions were treated with
various concentrations of Cd for 12 days. The root
and shoot were harvested, weighed, washed and
measured for Cd content. The accumulation of Cd
in each plant part was expressed in dry weight
basis (a); the root shoot ratios (b) were also
presented.
than 250 ppm, its concentration in the root levelled
off and remained at about 11.5 mgg dry weight, whereas
in the aerial parts, there was a drastic rise from
0.375 to 7 mgg dry weight. The ratio of Cd
concentration between the root and shoot was clearly
shown in Figure 14b. From 0 to 250 ppm Cd treatments,
the shootroot ratio was maintained at small values
(0.04 to 0.06), and rose exponentially when Cd was over
250 ppm. At the point of 800 ppm, the ratio increased
by 12-fold (0.6) when compared to the control. The
relationship between the Cd concentration inside the
plant and the dosage of Cd applied suggested that,
below 250 ppm Cd treatment, most of the Cd absorbed was
efficiently trapped in roots by certain mechanism.
After reaching the threshold value (greater than 250
ppm), the Cd-binding sites in roots seemed to be
saturated and the remaining Cd was then freely
translocated to the aerial parts.
With reference to the Cd effects on root growth
discussed earlier (Table III-l), root elongation was
significantly inhibited only when the Cd treatment was
over 250 ppm. This means that the physiological
processes in roots became significantly affected only
when the Cd concentration in the growth medium was
higher than 250 ppm. Therefore, it might be logical to
speculate that a physiological process controlling the
Cd-binding in roots was inhibited above a threshold of
Cd accumulation.
In the case of corn, it has been suggested that
when the concentration of Cd in the root tissues
reached a level toxic to the metabolic processes, the
binding capacity of the root would be altered (216).
However, the apparent increase in heavy metal
concentration in the tissues might be due to a loss of
dry weight (197). A change in Cd concentration in the
tissues might not accurately reflect the change of
binding capacity. In view of this, the percentage of
total Cd distribution has also been recorded. In this
respect, roots did not hold the major portion of Cd
uptaken by the plant, although it did exhibit a high Cd
concentration in the tissue (Table III-6). It was
because roots consisted of only a very limited portion
of the total dry plant matter. Table III-6 showed
that with 0 to 250 ppm Cd in the medium, the total Cd
in roots gradually rose to about 40%, followed by a
significant drop to less than 10% when the Cd
concentration in the medium increased to 800 ppm. This
drop was not solely caused by the reduction in root
yield, since the inhibitory effect of Cd throughout the
whole range of treatment was always lower in roots than
in shoots (Figure 5b). These results further supported
the suggestion of a rapid increase in Cd translocation
to the shoot after reaching a threshold of Cd
accumulation in the root tissues.
TABLE III-6
Percentage of Total Cd Distribution in the Aerial Parts and Root
of Festuca rubra, Merlin.
Three to four weeks old plants grown in complete nutrient
solution (pH 5.8) were treated with various concentration of Cd
for 12 days. Roots and shoots were harvested, weighed, washed
and measured for Cd content. The total Cd distribution in each




















Wainwright and Woolhouse (256) have proposed that the
tolerance to heavy metals was a metal—specific process. In
contrast to this, other plant investigators think that
plants tolerant to one kind of heavy metals were expected to
show a higher general tolerance to other heavy metals when
compared to non-tolerant plant species (52, 131, 233, 270).
In the present study, Merlin, a Zn and Pb tolerant cultivar,
was also tolerant to Cd, and hence reaffirmed the latter
speculation. Its high degree of tolerance to various heavy
metals has rendered it to be an important plant material for
this study. In addition to its importance in the
stabilizing of the derelict land (32), it was also ideal for
the study of heavy metal tolerance.
A comparison among different plant parts showed that
the degree of tolerance was much higher in roots than in
shoots. The mechanism of Cd tolerance by roots was probably
due to their resistance to the toxic effects of Cd
accumulated in the tissues. Roots might also help to
protect the more sensitive tissues in the aerial parts by
restricting the Cd from being translocated to the parts.
Data indicated that the protective mechanism of roots is
effective with Cd treatment below 250 ppm, and above this
threshold value, a drastic increase in Cd translocation to
the aerial parts became observable. The breakage of
restriction barrier was either due to the saturation of all
binding sites or the impairment of binding mechanism by the
toxic effects of the accumulated Cd. Further analysis of
the mechanism of Cd uptake in the root was reported in Parts
C, D and E of Experiments.
C. SUBCELLULAR DISTRIBUTION OF CADMIUM IN THE ROOT OF
Festuca rubra, L., cv. Merlin
(1) MATERIALS AND METHODS
(a) Tissue Fractionation
Plants of Festuca rubra, L., cv. Merlin were grown
and harvested as described in Part B of Experiments.
Three to four weeks old plants were treated with 100
ppm Cd in complete nutrient solutions for 7 days. The
roots were rinsed, blotted dry and homogenized in
liquid nitrogen by means of a mortar and a pestle. The
root powder was extracted with 3 volumes of pre-cooled
extraction buffer (208), containing 20 mM Tris-HCl (pH
8.0), 5 mM ascorbic acid, 1 mM 2-mercaptoethanol, and
20 mM KCN. The homogenate was filtered through 3
layers of cheese-cloth saturated with the same buffer,
followed by a 15-minute centrifugation (1,400 g). The
resulting supernatant was regarded as the buffer
soluble (BS) fraction. The residue, together with that
left on the cheese-cloth, was re-extracted with the
same buffer supplemented with 1 M NaCl. This was again
filtered through a 3-layered cheese-cloth saturated
with the same buffer, and re-centrifuged at 1,400 g for
15 minutes. The resulting supernatant was referred to
as the salt soluble (SS) fraction, and the pellet was
added to the residue remained on the cheese-cloth as
the cell wall fraction. All the extraction procedures
were performed at 2 to 4°C, in nitrogen atmosphere.
(b) Cd Distribution in BS and SS Fractions
The BS and SS fractions were further fractionated
with gel permeation chromatography adopted from Rauser
(208). The crude extract, concentrated by
ultrafiltration (Amicon, Model: Diaflo, 50 ml,
Membrane: YM-2), was then applied to a column (80 cm x
1.1 cm) containing Sephadex G-75 (Sigma) which was
equilibrated in 5 mM Tris-HCl buffer (pH 8.0),
containing 1 M KC1. The samples were eluted with the
same buffer (0.15 mlmin) and the resulting fractions
(1 ml) were assayed for Cd content by direct suction of
the eluted fractions into the atomic absorption
spectrometer. The distribution of Cd was then obtained
from the chromatographic profile.
(c) Cd Distribution in Cell Wall Fraction
Cell wall fractionation was based on the method of
Diez-Altares and Bornemisza (58), and only pertinent
data concerning the pectic substances were recorded.
The wall fraction was homogenized and extracted with 2%
ammonium oxalate and the soluble fraction of pectate
was obtained by suction filtration. The remaining
residue was re-extracted with 0.05 N HC1 followed by
suction filtration. The supernatant was the soluble
fraction of protopectate, and the acid insoluble fibres
were regarded as the residue A.
(d) Distribution of Cd in Membrane Fraction
The method of membrane fractionation was adopted
from Wong and MacLachlan (272) with slight
modification. Roots, treated with 100 ppm Cd, were
harvested and washed, as described in Part B of
Experiments. They were then ground in 3 volumes of
pre-cooled 20 mM Tris-HCl buffer (pH 7.0) containing 20
mM KC1, 5 mM mercaptoethanol, and 0.4 M sucrose. The
homogenate was filtered through a 3-layered cheese¬
cloth saturated with the same buffer, and centrifuged
at 1,400 g for 15 minutes to remove the wall debris.
The supernatant was layered on a 20 ml step sucrose
gradient (1575%) and centrifuged in a SW 25.1 rotor at
90,000 g for 3 hours. The turbid interface, aspirated
as the membrane—bound fraction, was then loaded to a 25
ml 15 to 50% linear sucrose gradient and re-centrifuged
at the same speed for another 2 hours. One ml fractions
were aspirated from top to bottom and then subjected to
Cd assay. The refractive index of each fraction was
determined by a refTactometer and the data were then
converted to sucrose density according to the following
equation (82).
Molar Refraction= (n2-1)(n2+2)xMd
M: Molecular weight of sucrose
n: Refractive index of sucrose solution
d: sucrose density
(e) Cd Assay
Residue A was digested with mixed acids, as
described in Part A of Experiments, and all samples
were then appropriately diluted to the optimal
concentration for Cd measurement. Cd was measured with
the atomic absorption spectroscopy as described
earlier.
(2) RESULTS AND DISCUSSION
The relative distribution of Cd was shown in Table III
7. Patterns of detailed localization in each fraction and
the possible importance of such binding in view of Cd
tolerance was discussed as follows.
(a) Buffer Soluble (BS) Fraction
TABLE III-7
Subcellular Distribution of Cd in Root Cells of Festuca rubra. Merlin
Three to four weeks old plants were transferred to complete nutrient
solution supplemented with 100 ppm Cd. Buffer soluble (BS), salt soluble
(SS), wall residue and membrane fractions were prepared as described in the
Materials and Methods. The relative distribution of Cd within the BS and
SS were estimated by Sephadex G-75 chromatography. The Cd content
associated with pectic substances was determined by extraction of the wall
fraction with 2% ammonium oxalate and 0.05 N, HC1. Localization of Cd in
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a; Golgi vesicles occupy the major portion of Cd
1 he BS fraction, which included the cytosol and
cell sap, contained most (62%) of the Cd in the root
cells. The presence of such a high percentage of Cd in
the soluble portion had also been demonstrated in the
root of soybean (40), water hyacinth (73) and bean
plants (262). Fractionation of BS extract by gel
permeation chromatography was shown in Figure 15a. The
Sephadex G-75 profile showed a minor Cd peak at the
void (fraction no. 23), representing the binding of Cd
to high molecular weight complexes, while most of the
Cd, however, occurred in the low molecular weight
portion (Fraction nos. 55 to 65), and did not exist as
free Cd since there was no corresponding free Cd peak
(fraction no. 67). Also, the two Cd peaks observed at
fractions nos. 57 and 63 clearly indicated that more
than 80% of the Cd in the BS fraction was bound to low
molecular weight complexes, with a limited portion
(less than 10%), existed as free ions or bound to high
molecular weight complexes.
In the animal system, the sequestering of Cd by
the low molecular weight binding complex inetallo
thionein' was regarded as an important detoxifying
process (133, 260). The specific binding of Cd to the
low molecular weight components might also act as a
means to release the burden of Cd inside the cytosolic
compartment, which hence explained the nature of high
metal tolerance of the root as discussed in Part B of
Figure 15. Chromatography on Sephadex G-75.
Crude extracts of BS fraction (a) and SS fraction
(b) were concentrated by Amicon ultrafiltration
before loaded onto a Sephadex G-75 column
pre-equilibrated with 5 mM Tris buffer (pH 8.0)
containing 1 M KC1. The samples were eluted with
the same buffer at a flow rate of 0.15 ml minute
and assayed for Cd content after dilution. The
arrows pointed at positions PI and P2 indicate the
corresponding positions of Cd peaks at fraction
number 57 and number 63. The arrow Pf pointed to
the postion of free Cd.
PI P2 Pf
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Expeiiments. In fact, a series of similar low
molecular weight binding complexes have been isolated
from a cell suspension culture (15, 86, 117), and
intact plants (Table II-6).
(b) Salt Soluble (SS) Fraction
It had been reported that the wall-bound proteins
could be extracted with a buffer of high ionic
strength (75). The SS fraction extracted from roots
contained about 15% of the total Cd, and by Sephadex
G-75 chromatographic analysis, a profile comparable to
that of the BS fraction was observed (Figure 15b). A
similar distribution pattern of Cd among high molecular
weight, low molecular weight and free Cd portions could
readily be seen. The positions of the peaks at
fraction nos. 57 and 63 were identical to those in the
profile of the BS fraction, indicating that the same
low molecular weight binding complexes might be present
in both soluble and wall fractions of the root cells.
As wall-bound proteins had been suggested to be
important molecules in heavy metal tolerance (256), it
would be interesting to look into the nature of the low
molecular weight binding complexes which displayed such
a high affinity towards Cd. Protease treatment of the
root residue obtained after BS extraction did not
release Cd from the cell wall (Data not shown). This
phenomenon might be a consequence of the non-
pro teinaceous nature of the binding complexes (245) or
the relative inaccessibility of the enzyme to the wall
matrices (256). Further analysis of the low molecular
weight binding complexes (Part E of Experiments) would
show that one of them was probably proteinaceous in
nature.
(c) Cell Wall Fraction
The cell wall fraction from the root of Agrostis
contained a significant amount of Cd (about 23%)
although it was not the principal site of Cd-binding as
reported in barley roots (55). The importance of cell
wall binding in heavy metal tolerance had been reviewed
(245, 242). In the present study, in vitro binding of
Cd to the wall fraction showed that the amount of
associated Cd increased as the incubation time was
lengthened (data not shown). The results implied that
the binding of Cd to the wall fraction was possible
only by physical means. Data also indicated that 43%
and 45% of Cd found in the wall were associated with
the pectate and protopectate fractions, respectively.
As the acid insoluble residue A contributed only a
small portion (12%), further characterization of this
part was not performed. The high affinity of Cd to the
pectic site might be related to the tolerance of Cd
(55), which was quite similar to the tolerance of Zn
(200). The mechanism of interaction between pectate
and Cd was not yet understood, but it resembled that of
Ca, which possessed a similar electronic arrangement.
Thus Cd could probably bind directly to pectate or be
embedded in the protein-pectate 'cement' of the middle
lamella as has been observed in the case of Ca (274).
(d) Membrane Fractions
Membrane-bound fractions obtained from step
sucrose gradient, occupied only a limited portion (3%)
of the total Cd uptaken into the roots. The low Cd
content recorded in the organelle fractions has also
been reported in soybean (40), rice (56) and bean
plants (262). Generally speaking, the binding of Cd to
the membrane fractions did not seem to play a
significant role in the Cd tolerance of the cell.
Further localization of Cd with linear sucrose gradient
(d=l.05 to 1.25) revealed two Cd peaks at d= 1.09 and
1.15, respectively (Figure 16), which corresponded to
the positions of smooth vesicles (mainly endoplasmic
reticulum) (62, 225) and Golgi vesicles (203, 225). No
definitive peaks appeared at d=1.13 and 1.18 which
represented the locations of the plasma membrane and
mitochondria, respectively (203). The nuclear
fraction, which was presumably situated at the bottom
Figure 16. Distribution of Cd in membrane fractions.
Membranes obtained from step sucrose gradient
ultracentrifugation (90000 g, 1575%, wv) were
further fractionated on a linear sucrose gradients
(15-50%, wv) for 2 hours at the same speed.
Twenty fractions (1 ml each) were collected and
assayed for Cd content( O1 O). Corresponding
gradients were performed to collect fractions for
sucrose density determination. Arrows and figures
represent locations of particular organelles and














of the sucrose gradient, did not show to contain any
Cd. The amplitude of Cd peak associated with the rough
endoplasmic reticulum was about twice of that bound to
the Golgi vesicles, despite a broader peak. This
broadening of peak might indicated that, besides Golgi
vesicles which contributed to the major portion, the
peak also included some of that Cd bound to the plasma
membrane and mitochondria. Rough estimation from the
graph showed that the sum of both peaks occupied more
than 40% of the total Cd in the membrane fraction.
This distribution, however, was contradictory to that
found in water hyacinth (73) and rice plants (56) which
showed a relatively high Cd content in the fractions of
the mitochondrion and the nucleus. It was hard to
justify the absence of Cd peak at the plasma membrane
since there was only a minor difference in
phospholipid composition among the plasma membrane, the
endoplasmic reticulum and the Golgi vesicles (139,
181). As the endoplasmic reticulum and Golgi vesicles
were the major sites for protein synthesis and
processing, the proteins associated with these portions
might account for their high binding affinities towards
Cd.
(3) CONCLUSION
Festuca rubra, L., cv. Merlin which demonstrated a high
degree of tolerance to Cd (Part B of Experiments), might
possess several mechanisms for binding Cd which would
minimize its toxic effects. The first barrier is located on
the cell wall. The Cd might either be bound by the wall
matrices (23%), preferably at the pectic sites or associated
with the wall-bound binding complexes (15%). The binding
mechanism on the wall appeared to be not efficient enough to
prevent the entry of Cd into the cytoplasm. Thus the
soluble cytoplasmic fraction of the cell might constitute
another mechanism. Most of the Cd in the soluble fraction
was shown to bind with the low molecular weight complexes
which might probably act as Cd scavengers. The gel
permeation chromatographic study revealed that the same low
molecular weight Cd-binding complexes might occur in both
soluble and wall-bound fractions. On the other hand, as the
membrane fraction contained only a limited amount (3%) of
Cd, the membrane was probably not involved in the Cd
tolerance mechanism. The specific affinities of the
endoplasmic reticulum and Golgi vesicles to Cd, comparing to
that of other membrane components, were still not clearly
elucidated.
D. KINETIC STUDY ON CADMIUM UPTAKE IN
Festuca rubra, L., cv. Merlin
(1) MATERIALS AND METHODS
All procedures for growth, harvesting, washing, mixed
acid digestion and Cd assay of the plant material have been
described in Part B of Experiments. Methods for kinetic
study on Cd uptake were modified from that of Cataldo and
his associates (41). Cd, Pb and Cu were added in the form
of sulphate, nitrate and chloride, respectively. All plants
were harvested when they were 3 to 4 weeks old.
(a) Concentration-Dependent Initial Uptake
Batches of plants were transferred from the
growing medium to 0.5 mM calcium chloride solution (pH
5.8) and left for 12 hours for desorption of any
possible interfering ions from the root surface.
Separate batches of plants were then treated in a fresh
0.5 mM calcium chloride solution (pH 5.3) containing
various concentrations of Cd in the form of sulphate
(from 0 to 1,000 ppm) for 2 hours. The presence of Ca
ions was essential for maintaining the membrane
permeability (204). After being washed, the root
material was subjected to mixed acid digestion and Cd
assay. The rate of Cd accumulation per dry weight
basis in the first two hours was regarded as the
initial rate of Cd uptake by the roots. The pattern of
uptake kinetics was shown in an Eadie-Hofstee plot (For
Review, see 158) and the values of Vmax and Km were
calculated.
(b) Co-Treatment and Pre-Treatment with Other Metals
Influences on the pattern of Cd uptake kinetics by
co-treatment with Pb or Cu were determined by
simultaneous addition of 50 ppm Pb or Cu (in the form
of nitrate) to the culture solution during the initial
period of Cd treatment (first 2 hours). With the
concentrations of Pb or Cu being kept constant, an
extended range of Cd treatment (0 to 1,000 ppm) was
employed during the experiment. Cd, Cu and Pb contents
in roots were determined by atomic absorption after
mixed acid digestion and were expressed on dry weight
basis. Effects of Pb and Cu on the uptake kinetics of
Cd in roots were demonstrated by Eadie-Hofstee plots
and Michaelis-Menten plots respectively. Effect on Pb
and Cu uptake by various concentrations of Cd treatment
was also reported.
The effects of pre-treatment of Pb and Cu on the
rate of Cd uptake were also studied. Plants were
firstly treated with 10 ppm Pb or 10 ppm Cu in complete
nutrient solutions for 24 hours. For the control set,
plants were kept in complete nutrient solutions
throughout this period. After 12-hour desorption in
calcium chloride solution, two levels of Cd treatment
(50 and 500 ppm) were applied to separate batches of
plants. After 2 hours of incubation, the roots were
harvested, extensively washed and measured for Cd
content.
(c) Eff ect of Metabolic Inhibitors
Pentobarbitol (O.lmM) and sodium azide (O.lmM)
were employed as metabolic inhibitors. After the roots
had been desorbed in a 0.5 mM calcium chloride solution
(pH 5.8) for 12 hours, all plants were transferred to
fresh calcium chloride solution at the same
concentration and pH. The plants were divided into 2
equal portions. To one portion, metabolic inhibitors
were added separately to different batches while the
other portion of plants was kept as the control. All
plants were allowed to equilibrate for 30 minutes
before different batches (in triplicates) of plants
were treated with 50 or 500 ppm Cd contained in freshly
prepared calcium chloride solution. Metabolic
inhibitors were replaced by fresh preparation to ensure
the inhibitory activities. All of the plants were kept
for 2 hours before being harvested for Cd assay.
(2) RESULT AND DISCUSSION
Since roots were the entry point of Cd into the plants,
study of uptake mechanism in this plant part would lead to a
better understanding of the plant-metal relationship. In
the present study, attempts have been focused on the effects
of Cd concentration, other metal ions and metabolic
inhibitors on the short-term kinetics of Cd uptake of the
root. Preliminary study showed that at Cd levels of 10, 100
and 1,000 ppm, the uptake of Cd by roots increased linearly
(R greater than 09, p less than 0.05) in the first two
hours of treatment (Data not shown), therefore, Cd uptake
during this period was regarded as the period of initial
uptake.
(a) Concentration-Dependent Uptake Kinetics
In the Eadie-Hofstee plot, V (initial rate of Cd
uptake) was plotted against VS (initial rate of Cd
uptake per unit concentration of Cd in the growth
medium). The Km and Vmax values could be obtained
easily by referring to the values of the slope
(opposite sign) and the y-intercept respectively. The
Eadie-Hofstee plot of the concentration-dependent
uptake kinetics was shown in Figure. 17. A dual
(biphasic) pattern could be clearly observed. Similar
observations have been reported in the kinetics stud}
on Cd uptake of rice (108) and soybean (41).
The two isotherms appeared to locate within the
ranges of S=10 to 100 ppm (isotherm 1) and S=100 to
1,000 ppm (isotherm 2) accordingly. In isotherm 1, the
Vmax and Km values were 90.9 pg Cdg dry weighthour
and 27 ppm Cd, respectively, while in isotherm 2, both
values of Vmax (226.4 jjg Cdg dry weighthour) and Km
(205.6 ppm Cd) were much higher (Table III-8).
The differences in both Vmax and Km values between
the two isotherms could be explained by the presence of
two independent binding mechanisms of different
affinities towards Cd (67, 70). At low concentrations
of 10 to 100 ppm, binding of Cd to the machine of
higher affinity (lower Km) was prominent. After
reaching a critical level (about 100 ppm), this binding
mechanism seemed to be saturated and the other binding
mechanism which had a lower affinity (high Km) but
higher absorption rate (higher Vmax) was being
triggered. This entity may either be present in situ
or be induced upon by a Cd treatment. The second
binding mechanism then functions predominantly
throughout isotherm 2.
Figure 17. Eadie-Hofstee plot showing the short
term kinetics of concentration dependent uptake of
Cd. Three to four weeks old grass plants were
treated with various concentration of Cd contained
in 0.5 mM CaCl? solution for 2 hours. The dual
pattern revealing two isotherm (1 and 2) are clearly
shown. The initial rate of Cd uptake at the root
(V) is plotted against the initial rate of Cd
uptake at unit substrate level (VS). The Vmax and
Km values are determined from the slope (negative
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TABLE III-8
h Comparison of Vmax and Km Values of Uptake Kinetics of Cd in
Roots of Pb-treated and Untreated Festuca rubra, Merlin.
Different batches of 3 to 4 weeks old plants, were treated
with different concentrations of Cd with or without 50 ppm Pb for
2 hours. The resulting curves of uptake kinetics were shown in
Figures 1 and 2. Vmax and Km values obtained from Hofstee plots














Another possible explanation for the existence oi
the dual pattern in uptake kinetics curve was the all-
or-none alteration of metal affinity of a single
binding entity of the root (189, 190, 191, 192, 193).
In this respect, the binding machine existed in a high
affinity (low Km) and low absorption rate (low Vmax)
form at low levels of Cd treatment (10 to 100 ppm).
This binding entity was altered into a low affinity
(high Km) and a high absorption rate (high Vmax) forir
after a threshold of Cd treatment (about 100 ppm).
(b) Co-Treatment with Lead (Pb)
Lead has been reported to have a positive effect
on the Cd uptake in roots of corn (94), but this was
found to be on the contrary in Merlin. The curve of Cd
uptake kinetics in the presence of 50 ppm Pb was shown
in Figure 18. A similar dual pattern was obtained when
compared to the profile of control plants (Figure 17).
The two isotherms again lie between S=10 to 100 ppm
(Vmax= 56.7 jq Cdg dry weighthour, Km—19.3 ppm) and
S=100 to 1,000 ppm (Vmax=200.9 ug Cdg dry weighthour;
Km=30 4.4 ppm). A comparison of the Vmax and Km values
of Cd uptake kinetics between Pb-treated and untreated
plants was shown in Table III—8.
At low levels (S=10 to 100 ppm) of Cd treatment as
indicated in isotherm 1, the Km value of Pb-treated
Figure 18. Eadie-Hofstee plot showing the effect
of co-treatment of Pb on the short term kinetics
of concentration-dependent uptake of Cd. The
initial uptake of Cd at roots was carried out in
the co-existence of 50 ppm Pb. V is plotted
against VS. It exhibits a dual pattern similar
to that described in Figure 17. The Vmax and Km
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curve was not significantly different from the
untreated one while the Vmax value seemed to be lowered
by the presence of Pb. These data imply the presence
of a non-competitive inhibition by Pb on Cd uptake when
the level of Cd treatment was low. The binding machine
responsible at low levels of Cd treatment might have
two separate binding sites for Pb and Cd, and the
binding of Pb to it might retard the binding rate
(decreased Vmax) to Cd.
On the other hand, a clear competitive
inhibition by Pb on Cd uptake was demonstrated in
isotherm 2 (S=100 to 1000 ppm) where the Cd level in
the medium was high. The Vmax value of the Pb-treated
curve was closer to that of the untreated one while the
Km value was shown to be increased by Pb co-treatment.
In this case, the responsible binding entity at high
levels of Cd treatment may have a common binding site
for both Pb and Cd, The presence of Pb will
competitively prevent the binding of Cd to the common
binding site. The competitive inhibition between the
uptake of Cd and other heavy metals have also been
reported in soybean (41).
The non-competitive and competitive
inhibitions by Pb gave the implication that Pb and Cd
were bound to the same entity. In fact, the common
binding complex for Cd and other heavy metal ions have
been reported in other plants (41, 86, 165). Since the
plant was tolerant to both Pb (233) and Cd (Part B of
Experiments), the common binding mechanism employed
might act as a means to sequester both metals
simultaneously.
At the same time, the effect of Cd on Pb uptake
was measured (Figure 20a). There was a rapid increase
in the reduction in Pb uptake as the level of Cd
treatment increased from 10 to 250 ppm, above which the
degree of inhibition reached the maximum. The
inhibition on Pb uptake in roots by Cd has also been
reported in ryegrass (3) but denied in corn (94). It
should be noticed that even with a very high
concentration of Cd treatment, the uptake of Pb was not
completely inhibited. This inferred that the effect of
Cd on uptake of low level of Pb (50 ppm) was not a
competitive inhibition since it would lead to a
theoretically complete loss of uptake of Pb when the
level of Cd treatment was very high.
This observation was consistent with the
speculation of a non~competitive inhibition between
Cd and Pb at low levels of treatment.
(c) Co-Treatment with Copper (Cu)
The effect of co-treatment with 50 ppm Cu on the
kinetics curve of Cd uptake was shown in Figure. 19. A
marked difference was apparent when compared to the
Figure 19. Michaelis-Menten plots showing the
effect of co-treatment of Cu on the short term
kinetics of concentration dependent uptake of Cd.
The initial rates of Cd uptake at roots (V) in the
presence( ) or absence() of
50 ppm Cu were plotted against the substrate Cd
level (S) for comparison. The typical dual
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Figure 20. Effect of Cd co-treatment on the
initial rate of Pb abd Cu uptake. Three to four
weeks old grass plants were treated with 50 ppm
Pb or 50 ppm Cu in the presence of various
concentrations of Cd contained in 0.5 mM CaC
solutions for two hours. The rates of uptake of
Pb (a) and Cu (b) were plotted against the level
of Cd treatment.
CADMIUM TREATMENT (PPM x 102)
effect of Pb. The first striking feature was the loss
of the dual pattern in the profile of Cu-treated
plants.
Careful examination showed that the Cu-treated
curve did not exhibit a typical Michaelis—Menten
pattern. The velocity (V) increased linearly
(R=0.9966, p less than 0.001) in the range of S= 10 to
250 ppm. Afterwards, the uptake rate levels off,
accompanied by the absence of the transition phase of a
Michaelis-Menten curve. Another major difference
between the effects of Pb and Cu was the enforcing
effect of Cu on the rate of Cd uptake. Cu showed its
inhibitory capacity only when the level of Cd treatment
was very low (below 30 ppm), and starting from 50 ppm,
a great increase in V (two-fold or greater) became very
obvious in each point.
The strange appearance of the Cu-treated curve
indicated that Cu was not acting as a competitive or
non-competitive inhibitor, as in the case of Pb. At
a very low level of Cd treatment (below 30 ppm), the
toxic effect of Cu might irreversibly interfere with
the responsible Cd binding machine and hence lowered
the rate of uptake. Such reduction in Cd uptake by Cu
a£ q low level of Cd treatment has also been noted in
excised roots of barley (55). On the other hand, Cu
might also alter the permeability of root tissues and
hence the barrier to Cd uptake was impaired when a
certain concentration (above 30 ppm) of Cd treatment
was reached.
On the contrary, the effect of Cd on Cu uptake was
mainly inhibitory (Figure 20b). From 10 to 100 ppm Cd,
the reduction increased sharply. However, from 100 up
to 1,000 ppm, the retardation increased at a slower
rate but it did not level off as in the case of Pb
(Figure 20a). Since Cd and Cu were not competing for
the same binding site, the effect of Cd on the uptake
of Cu might be due to its irreversible alteration of
the appropriate binding machine. The difference in the
degree of inhibition according to different ranges of
Cd treatment (10 to 100 ppm; 100 to 1,000 ppm)
suggested that the uptake of Cu in the plant might also
consist of two different mechanisms.
(d) Pre-Treatment with Pb and Cu
When the plants were pre-treated with 10 ppm Pb or
Cu for 24 hours followed by transferring to the Cd-
containing solutions, the rate of Cd uptake increased
at both high (500 ppm) and low (50 ppm) levels of Cd
treatment (Table 3-9). According to the previous
speculation, Pb and Cd were bound with the same entity.
Pre—treatment with Pb might induce the production of a
common binding complex and hence led to an increase in
the rate of Cd uptake. Nevertheless, the induction of
TABLE III-9
Effect of Pre-Treatment of Pb and Cu on the Rate of Cd Uptake in
Roots of Festuca rubra, Merlin
Plants were treated with their roots soaked in complete
nutrient solution( pH 5.8) simultaneously with 10 ppm Pb or 10
ppm Cu for 24 hours. They were then transferred to 0.5 mM CaCl2
solution( pH 5.8) containing 50 or 500 ppm of Cd for 2 hours.
Roots of control plants were undergone similar procedures without
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Cd binding complex by Pb has not yet been reported in
earlier studies. Instead, Cu could induce the formation
of phytochelatin in cell suspension (86).
However, Cd did not seem to share the same binding
machine with Cu, and the hypothesis of induction of Cd-
binding complex by the pre-treatment of Cu did not hold
true for this ecotype. On the other hand, as was
suggested previously, Cu might alter the membrane
barrier towards Cd and hence, lead to an increase in
the rate of Cd uptake.
(e) Effect of Metabolic Inhibitors
In the present study, metabolic inhibitors used by
other investigators were employed (41). Sodium azide
was a well-known inhibitor in the respiratory chain of
a cell whereas pentobarbital was a commonly used as
anaesthetics which depresses energy yielding reaction
and oxygen consumption in the brain. However, the
information about the effect of pentobarbital on the
respiratory process of plants was not available.
Reduction in the rate of Cd uptake by these chemicals
(Table 111-10) was comparable to that of soybean (41).
Both pentobarbital and sodium azide showed a
negative effect on the rate of Cd uptake when the level
of Cd treatment was low (50 ppm). At a high level (500
ppm), only sodium azide could retain its inhibitory
TABLE 111-10
Effect of Metabolic Inhibitors on Rate of Cd Uptake in Roots of
Festuca rubra, Merlin
Plants treated with their roots were soaked in 0.5 mM CaCl2
solution( pH 5.8) containing 0.1 mM pentobarbital or 0.1 mM
sodium azide for 30 rain. They were then transferred to fresh
CaCl2 solution and treated simultaneously with metabolic
inhibitors and Cd( 50 or 500 ppm) for 2 hours. Roots of control
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capability. These results suggested that the Cd uptake
processes at both low and high levels were dependent on
metabolic activities. This argument was supported by
the report in soybean roots (41) but denied in the case
of excised barley roots (55). In fact, the effects of
metabolic inhibitors on the uptake of other heavy
metals have also been reported (137, 166). The
differences in the effects of pentobarbital and sodium
azide during high levels of Cd treatment could not yet
be clearly elucidated. One possible explanation might
be based on the difference in their modes of action.
(3) CONCLUSION
The kinetics study has demonstrated a dual pattern in
the rate of initial Cd uptake in roots of Merlin. The two
isotherms lay in the range 10 to 100 ppm (isotherm 1) and
100 to 1,000 ppm (isotherm 2). Changes of both Vmax and Km
values suggested the involvement of two independent Cd
binding mechanisms in different levels of treatment. Co-
treatment with Pb or with Cu exhibited completely different
effects on the uptake of Cd. Pb causes a non —competitive
and a competitive inhibition in isotherm 1 and isotherm 2,
respectively. These results indicate that a common binding
machinery was employed by Cd and Pb. These binding entities
might act as a common sequester of both metals and thus
explained the co-tolerance of these metals by the plant. On
the other hand, plants of Merlin have not been reported to
be tolerant to Cu which seemed to alter the membrane
permeability in roots. The dual pattern of Cd uptake was
absent in Cu-treated profile. Overall speaking, co-
treatment with Cu would lead to an increase in the rate of
Cd uptake except at a very low level (less than or equal to
300 ppm Cd).
Pre-treatment with Pb or with Cu would both increase
the rate of Cd uptake. Since the actions of co-treatment
with these metals were different, the mechanism for the
enhancement by pre-treatment might also be different. Pb
might act by inducing the formation of the binding complex
which was common to both Pb and Cd. For Cu, its pre-
treatment might cause changes in the permeability to Cd in
roots. Besides ionic interferences, metabolic inhibitors
were also shown to have an adverse effect on the rate of Cd
uptake. This observation highlighted the presence of
metabolic control mechanism during the uptake of Cd.
Simultaneous measurements of uptake of Pb and Cu
indicated the inhibitory effect of Cd, but the modes of Cd
action on these two seemed to be different from each other.
The inhibiting effect of Cd on Pb uptake was levelled off at
a Cd level of 250 ppm while that on Cu uptake was increased
throughout the whole range of Cd treatment (up to 1,000
ppm). The mechanism behind this was yet clearly understood.
E. ISOLATION OF CADMIUM-BINDING COMPLEXES FROM ROOTS OF
Festuca rubra, L., cv. Merlin
(1) MATERIALS AND METHODS
(a) Isolation of Cd-Binding Complexes
Plants of Festuca rubra, L., cv. Merlin were
raised from seeds as described in Part B of Experiments
Plants of 3 to 4 weeks old were divided into two sets;
one set was treated with 10 ppm Cd in a complete
nutrient solutions (pH 5.8) for 7 days (180); and the
other set, as the control, was grown for the same
duration in a complete nutrient solution (pH 5.8)
without addition of Cd. Roots of both sets were
excised and washed as described in Part B of
Experiments. All the isolation procedures including
material homogenization, extraction, column
fractionation, ultrafiltration and dialysis were
performed in a cold room at 2 to 4 °C in nitrogen
atmosphere. The method of extraction of crude buffer
soluble (BS) and salt soluble (SS) fractions from
plants, and the chromatographic method for
fractionation of Cd-binding complexes from these crude
extracts were described in Part C of Experiments.
The isolation of Cd-binding complexes from BS
fraction was based on the method of Rauser (208).
Microgranular DEAE-cellulose (Whatman DE-52) was
firstly desalted, washed and equilibrated with 5 mM
Tris-HCl buffer (pH 8.0) in a column (25 cm x 1.7 cm).
The crude extract of B3 fraction was applied to the
column and eluted (20 mlhour, 8 mlfraction) with a
linear salt gradient (400 ml of 0 to 2 M NaCl in the
same buffer).
Aliquots from each fraction were measured for
absorbance at 280 nm, -SH group and Cd content.
Fractions of different peaks of Cd content were
separately pooled and concentrated by ultra-filtration
(Amicon cells, Model:Diaflo, 50 ml; Membrane:YM-2).
The concentrated samples were then subjected to gel
filtration using Sephadex G-75, which was pre-
equilibrated in 5 mM Tris-HCl buffer (pH 8.0), 1 M KC1,
in a glass column (80 cm x 1.1 cm). They were then
eluted with the same buffer (10 mlhour) and the
resulting fractions (1 ml) were again measured for OD
280 nm, -SH group and Cd content. The fractions
containing high Cd content were pooled and scanned for
UV absorption spectrum (Beckman DU-7 Spectrophotometer)
in the range of 240 to 290 nm.
Corresponding molecular weights were obtained from
the column calibration curve (Figure 21) using Sigma
Figure 21. Calibration curve of molecular weight. Molecular
weight markers were loaded onto a Sephadex G-75 column (80 cm
x 1.1 cm) which was equilibrated with Tris-HCl buffer (pH 8.0).
Samples were eluted with the same buffer and were estimated








Protein Marker Kit (MW-GF-70) with blue dextran, bovin.
serum albumin (66,000 daltons), carbonic anhydrasc
(29,000 daltons), cytochrome C (12,400 daltons) an
apotinin (6,000 daltons) as markers.
(b) Incorporation' of Radioactive Sulphur (S33
Plants were transferred to a modified complete
nutrient solution containing much less (one-twentieth)
magnesium sulphate than that used in other experiments.
Radioactive sulphur (S33) was added in the form of
sodium sulphate. Typically, 10 pCi was added to eact
set-up of plants. The plants were divided into twc
equal portions; for one portion, 100 ppm of Cd (in the
form of chloride) was added to the growth medium, while
for the other portion, which was kept as the control,
an equal volume of distilled water was added. The final
pH of all the growth media were adjusted to 5.8. Plant
samples were collected from both groups at time
intervals of 3, 6, 13, 25 hours. After each
collection, the plant roots were firstly blotted dry,
then transferred to distilled water for preliminary
washing for two minutes. They were blotted dry again
and rinsed in 1 M cold sodium sulphate for another 2
minutes before a final rinsing with distilled water for
3 further minutes. After being measured for their
fresh weight, the root material was subjected to
protein extraction (Methods described in Part C of
Experiments). Both buffer soluble and salt soluble
fractions were dialysed at 2 to 4 °C (Sigma tubings,
cut off size= 2,000 daltons) overnight in 20 mM Tris-
HC1 buffer (pH=7.0) containing 1 mM dithiothreitol to
remove free Cd ions and free radioactive sulphate from
the crude extract. The resulting samples were measured
for S35 radioactivity, Cd content and protein content.
(c)In vitro Binding
Root material was excised from 4 to 5 weeks old
untreated plants. Buffer soluble (BS) fractions,
prepared as described in Part C of Experiments, were
incubated with 100 ppn Cd for 0 or 3 hours at 37 °C.
The mixtures were applied to a Sephadex G-25 column (40
x 1.4 cm), which was pre-equilibrated with 20 mM Tris-
HC1 (pH 7.0), and ImM dithiothreitol. The samples were
eluted with the same buffer (60 mlhour) at 2 to 4 °C
and the resulting fractions (0.5 ml) were diluted by 6
folds prior to measurement of OD 280 nm and Cd
content.
(d) Assay Methods for Cd-Proteinf -SH group and
Radioactive Snlnhnr Q3 3
Cd contents were measured by atomic absorptio
spectroscopy (Methods described in Part A o
Experiments). Rough estimation of protein content wa
obtained from measuring absorbance at 280 nm, an
quantitative protein assays were modified from that o
Bradford (31) using the Bio-Rad Protein Assay Kit II
This method is based on the specific colour reactio:
between protein and Coomassie Brilliant Blue
Following the protocol supplied by Sigma Company
highly pure (99%) bovine serum albumin was employed fo:
the calibration curve (Figure 22) and dye reagent (0.6
ml, consisting of phorphoric acid, methanol anc
Coomassie Blue) was added to 2.4 ml of appropriately
diluted samples or standards. The resulting solutions
were mixed by gentle inversion for several times.
Optical density (OD) at 595 nm was measured within 5 to
60 minutes after mixing.
In the present study, a method was developed from
that of Ellman (63) for the determination of -SH group
contents (presumably in the form of cysteine).
Ellman's reagent (5,5'-Dithiobis-2-nitrobenzoic acid)
was reported to form a characteristic absorption peak
at 412 nm when reacted with -SH group (63). The
PROTEIN CONTENT (yuGML)
Figure 22. Calibration curve of protein content. Highly pure (99%)
bovine serum albumin, being employed as the standard, was appropriately
diluted (with distilled water) to obtain a series of concentration
ranged from 1 to 25 yugml. Absorbance at 595 nm was measured after
colour reaction with the dye reagent.
Ellman's reagent (10 mM) was dissolved in 0.1 M
phosphate buffer (pH 7.0). Cysteine was dissolved in
the fractionation buffer to act as the standard for the
assay. Aliquots of Ellman's solution (20 pi) was added
to the standard and the samples for 15 to 60 minutes,
and a double-beam OD measurement (412 nm) was adopted
to remove the interference of the background colour.
The amount of -SH group was estimated from the
calibration curve (Figure 23) of the standards.
With respect to radioactivity measurement, 2 ml of
scintillation fluid (Aquasol, New England Nuclear) was
added to 3 ml of sample in a plastic counting vial, and
the resulting mixture was mixed vigorously by shaking,
followed by measurement of beta-emission with a liquid
scintillation counter (Beckman LS1801).
(2) RESULTS AND DISCUSSIOh
(a) Fractination of Crude Extract Obtained from Cd-
treated Root Material
As indicated in Part C of Experiments, the BS and
SS fractions corresponded to the soluble cyotplasmic
constituents and the wall-bound macromolecules,
respectively. The crude extracts of buffer soluble
(BS) and salt soluble (SS) fractions were subjected to
gel permeation chromatography using Sephadex G-75
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Figure 23. Calibration curve of -SH group content. Cysteine, being
employed as the standard, was appropriately diluted with fractionation
buffer to obtain a series of concentration ranging from-2 to 50 jjM.
Absorbance at 412 nm was measured after the reaction of Ellman's reagent
was completed.
column. The protein, -SH group and Cd profiles in each
case were shown in Figures 24a and b. It appeared that
both the BS and SS curves exhibited similar elution
patterns, indicating that Cd might specifically attach
to low molecular weight binding complexes (Part C of
Experiments).
The major portion of Cd was not eluted as free
ions (Pf). In both BS and SS fractionation, the
elution profiles exhibited two major Cd peaks at
fraction nos. 57 (PI) and 63 (P2). This similarity in
patterns indicated the possible common existence of two
Cd-binding complexes in BS and SS fractions. The
amplitude of P2 was higher in the profile of the BS
fraction, thus indicating that the Cd-binding complex
in P2 was located predominantly in the BS fraction.
The SH group profile of BS and SS fractions again
demonstrated a similar situation. Two peaks of -SH
group were located in the elution profile; one at the
Fraction no. 23 (void) and the other at Fraction no. 57
(PI). The overlapping of -SH group and Cd peaks at
fraction no. 57 suggested the presence of a -SH group-
rich Cd-binding component in that area. Since -SH
groups in plants commonly exist in the form of cysteine
residues, the Cd-binding component at Pi could be rich
in cysteine. In fact, cysteine-rich Cd-binding
components in plants have been widely reported by many
investigators (56, 74, 165, 208, 211, 254, 255).
Figure 24. Fractionation of crude extract with
Sephadex G-75. Crude extracts of BS (a) and SS (b)
fractions were concentrated by Amicon ultrafiltration
before applied to a Sephadex G-75 column which was
pre-equilibrated with Tris-HCl buffer (pH 8.0)
containing 1 M KC1. The samples were eluted with
the same buffer at a flow rate of 0.15 ml minute.
Aliquots were aspirated from alternate tubes and
diluted for measurement of cadmium content
-SH group content( O O) and OD at 280 nm
(), Tpe arrows at positions PI and P2 are
corresponding to the two cadmium peaks at Fractions
no. 57 and 63, respectively. Pf indicates the location
of free cadmium elution.
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However, cd rich P2 did not show any sign of
cysteine rich nature, i.e. the Cd-rich P2 surprisingly
contained very tew ~SH groups. Thus, the root seemed
to possess 2 Cd-binding complexes: CdBl (-SH group
rich) and CdB2 (non-SH-group rich). Since both BS and
SS fractions appeared to have similar Cd-binding
complexes, further discussion will be emphasized mainly
on the BS fraction.
(b) Isolation of Cd-Binding Complexes
Preliminary work on fractionation of crude extract
has demonstrated the presence of two possible Cd-
binding complexes. As shown in the Sephadex G-75
profile, the peaks are quite close together, thus
further procedures of separation would be essential for
the characterization of these entities. Fractionation
methods such as ammonium sulphate and polyethylene
glycol precipitation were unsuccessful (Data not shown)
because the major portion of the Cd could not be
precipitated out even at 80% (NHi )z SO4 or 33%
polyethylene glycol. Crude extract of BS fraction was
firstly fractionated by anion exchange chromatography
(Whatman DE52). When the column was washed with 5 mM
Tris-HCl buffer containing no salt, a brownish yellow
spectrum spreading from the top to the bottom of the
column was observed. Only the brown colour remained in
the residue particles on the top of the column after
washing with 0 to 2 M NaCl linear gradient. Two Cd
peaks, Peak A (Fraction no. 42) and Peak B (Fraction
no. 47) were eluted when the NaCl concentration reached
approximately 1 M (Figure 25). Both peaks might
consist of molecules with negative charges, and hence
were not eluted with buffer containing low salt
content. Peak A, being relatively less negative, was
eluted at a lower ionic strength. Peak B could be
seen to overlap with the peak of natural brownish
pigment in the BS fraction. Moreover, this peak also
coincided with the peak of -SH group. The presence of
two Cd peaks in the DE-52 fractionation indicated that
they might be identical to CdBl and CdB2 obtained from
the fractionation of the crude extract of BS fraction.
When Peak A was pooled, concentrated and further
purified on the same Sephadex G-75 column as used for
the crude extract fractionation earlier, a single Cd
peak was in view at Fraction no. 63 (Figure 26a) at
exactly the same position as that of the CdB2 obtained
in the Sephadex G-75 chromatography of the crude
extract. On the other hand, when Peak B was loaded on
the same Sephadex G-75 column, a single Cd peak
appeared at Fraction no. 57, in coincidence with the
peak of -SH group (Figure 26b). The natural brownish
pigment was now separated from the Cd peak and located
near the void volume, and again, the position of the Cd
Figure 25. Chromatography of crude extract on
DEAE-ce1lulose column. Crude extract of BS was
loaded onto Whatman DE-52 column which was equilibrated
in 5 mM Tris-HCl buffer (pH 8.0). The column was
firstly washed with equilibrating buffer for one bed
volume followed by elution with a linear salt gradient
(0 to 2 M, NaCl). Fractions were assayed for cadmium
and -SH group( O O) content.
Peaks A and B corresponds to fractions no. 42 and
47, respectively.






Figure 26. Sephadex G-75 chromatography of Peaks
A and B. Fractions containing high cadmium content
(Peaks A and B) obtained from Whatman DE-52
fractionation (Figure 25) were separately pooled
and concentrated with Amicon ultrafiltration.
Concentrated samples of Peak A (a) and Peak B (b)
were loaded onto a Sephadex G-75 column (80 cm x
1.1 cm) and eluted with 5 mM Tris-HCl buffer (pH
8.0), in 1 M KC1. The locations of cadmium peaks
in panel (a) and (b) of this figure correspond to
the P2 and PI peaks in Figure 24 (a), respectively.
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peak {Peak B) was exactly the same as CdBl obtained in
the Sephadex G-75 chromatography of the crude extract.
These are further evidences which support the presence
of two independent Cd--binding complexes in the root of
the cultivar Merlin.
One counter-argument worth considering is that of
Fujita and Kawanishi (74), who believed that the
existence of two Cd-binding complexes might be due to
the degradation of a single protein by the action of 2-
mercaptoethanol contained in the extraction buffer.
Furthermore, the position of CdB2 in Sephadex G-75
column was quite close to the Cd peak when free ions
were chromatographed (Pf in Figure 24). Since the
presence of macromolecules might affect the mobility of
free Cd ions, the free Cd peak might be shifted to
Fraction no. 63 instead of at no. 67. However, it was
quite unlikely that this was a free Cd peak due to its
tight binding to the anion exchanger (Peak A in Figure
25). The peak would have been eluted by low salt
buffer instead of the salt gradient if it was a free Cd
peak.
(c) Partial Characterization
Chromatographic estimation showed that the
molecular weights of CdBl and CdB2 are about 3,450 and
3,150 daltons respectively. The calibration curve has
been shown in Figure 21. When the partially purified
CdBl and CdB2, obtained from the final Sephadex G-75
chiomatography, were scanned for UV absorption spectra,
different patterns were noted (Figsures 27a and b).
CdBl (Figure 27b) gave a shallow shoulder at 260 nm
which was closer to that observed in other Cd-binding
complexes, i.e. 250 to 260 nm (165, 208, 210, 211).
The presence of absorption shoulders in that area is a
typical feature of Cd-Cys chromophore. On the other
hand, CdB2 (Figure 27a) gave an extraordinary shoulder
at 270 nm which has only been reported in water
hyacinth (75).
In Figures 26a and b, it is quite clear that the
peak of CdBl overlapped with appropriate peaks for
protein and -SH groups, whereas in the case of CdB2, no
similar pattern was observed. Rough estimation showed
that 1 mole of Cd ions would bind to 2 to 3 moles of
—SH group which was similar to that found in other Cd-
binding complexes in plants (165, 208, 211). Protein
assay, using Coomassie Brilliant Blue (31), revealed
that CdBl was positively stained, however the
sensitivity of CdB2 to this assay was relatively low.
These results suggested that CdBl was a cysteine-rich
Cd-binding protein and CdB2 might not be of protein in
nature. Further classification of CdB2 was definitely
essential in future research.
Figure 27. UV absorption spectrum of CdBl and CdB2.
Fractions containing high cadmium content obtained
from Sephadex G-75 fractionation( Figure 26 a and b)
were scanned on UV absorption spectrum.
















Ihe -SH group prolile obtained from fractionating
the BS fraction of the crude extract of control roots
(not treated with Cd) is shown in Figure 24. In
comparison with that of the treated one (Figure 28),
the striking disappearance of the —SH peak at fraction
no. 57 strongly suggested the inducibility of the
corresponding Cd-binding complex (CdBl) upon Cd stress.
-SH groups in plants are present mainly as cysteine
residues which are formed under reductive processes of
sulphate. Further experiments on the inducibility of
CdBl were based on the Cd-induced incorporation of
radioactive sulphate (S35). The results of S35
incorporation in the presence and absence of Cd are
shown in Figures 29a (BS fraction) and 29b (SS
fraction).
Both control and Cd-treated plants would uptake
S35 into their roots but at different incorporation
rates, and the difference became prominent after 6
hours of treatment. This gave the implication that the
plant would induce the synthesis of CdBl in response to
Cd stress within a very short period of time (i.e. less
than 6 hours). After 25 hours of treatment, the S
incoporated into BS and SS fractions of Cd-treated
roots when compared to controls were about 3.5 and 2
folds, respectively. The quick response of Cd-binding
Figure 28. Fractionation of BS crude extract of
control roots on Sephaaex G-75. Crude extract of
BS from control roots was concentrated by ultrafiltration
prior to application to the same column as described
in Figure 24. The profile shows the absence of an
-SH group peak at PI location.
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Figure 29. Incorporation of radioactive sulphate [S5]
and uptake of Cd. Three to four weeks old grass
plants were incubated with radioactive sodium sulphate
( Na2[S35]04) in the absence and presence of 100 ppm
Cd for 25 hours. (a) and (b) show the [S-35]
incorporation recorded in BS and SS fractions,
respectively. The curves designated with open and
closed star symbols display the difference in [S-35]
incorporation between cadmium treated and untreated
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protein production appeared to be an important clue for
the elucidation of heavy metal tolerance in plants
(209). Despite the lag period of Cd-induced S35
incoporation, the uptake of Cd did not exhibit a
similar pattern (Figure 29c). Both BS and SS fractions
exhibiteda relatively high uptake of Cd at 3 hours and
6 hours before CdBl was synthesized. This phenomenon
suggested that Cd might non-specifically bind to other
constituents (probably proteins) in the absence of the
cysteine-rich CdBl. On the other hand, since there was
no evidence to support the inducibility of CdB2 in this
experiment, another possible explanation was that the
CdB2 was a constitutive binding complex which attached
to available Cd in cells during the first six hours of
incubation.
The latter speculation was rejected by an in vitro
binding experiment described below. Since the buffer
used for protection of the -SH group was not essential
in the BS extract of control roots-, buffer of low ionic
strength was used to prevent the interference of salt
on in vitro binding mechanism. The crude BS extract
of control roots was mixed with Cd solution and
incubated for 0 or 3 hours. The resulting mixtures of
both durations of incubation gave essentially similar
patterns in the Sephadex G-25 fractionation profile.
However, only the profile for 3-hour incubation mixture
is shown here (Figure 30). The result not only showed
FRACTION NUMBER
Figure 30. In vitro binding of cadmium to BS crude extract.
Crude extract of BS was mixed with cadmium solution and
incubated at 37°C for 3 hours. The resulting mixture was
loaded on a Sephadex G-75 column which was equilibrated with
20 mM Tris-HCl (oH 7.0) containing 1 mM DTT. The column was
eluted with the same buffer. Aliquots were aspirated from
alternate tubes and diluted to measurefor cadmium content
and absorbance at 280 nm
the overlapping of Cd and protein peaks, but also the
absence of low molecular weight binding complexes (i.e.
CdBl and CdB2) in the elution profile, indicating that
both the synthesis of cysteine-rich CdBl and non-
cysteine-rich CdB2 were inducible upon Cd stress. The
inducibility might also explain the energy-dependent
nature of Cd uptake as discussed in Part D of
Experiments, thus the production of CdBl andor CdB2
might involve some energy spending processes.
Inducible Cd-binding complexes have been reported in
various sources (Table 11-11). The result also
indicated that in the absence of specific Cd-binding
complexes, Cd would randomly bind to proteins (e.g.
enzymes) and hence this partly explained its toxicity
at the cell physiological level. Effects of Cd on
various enzymatic activities are summarized in Table
II-7.
(3) CONCLUSION
Two low molecular weight Cd-binding complexes
(CdBl and CdB2) were isolated from roots of Merlin.
Their molecular weights estimated from gel permeation
chromatography are 3,450 and 3,150 daltons,
respectively. They were found in both BS and SS
extracts of roots. However, CdB2 appeared to be more
prominent in the BS extract, i.e. the soluble
cytoplasmic constitutents, whereas CdB2 seemed to have
a higher Cd binding affinity then that of CdBl.
Both CdBl and CdB2 were induced in the presence of
Cd and might be important in the Cd tolerance mechanism
of the root cells. As have been discussed in Part C of
Experiments, most of the uptaken Cd appeared to locate
in the soluble cytoplasmic fraction (i.e. BS fraction)
of the cells. Such an accumulation of Cd might pose a
potential hazard to the cell physiology. The presence
of these Cd-binding complexes might sequester Cd from
the metabolic pathway, otherwise the Cd ions would
bind non-specifically to most of the protein components
within the cell.
CdBl, a cysteine-rich, negatively charged Cd-
binding protein, was induced after about 6 hours of Cd
treatment. As its opitical characteristic and cysteine
to Cd ratio were similar to that of Cd-binding proteins
from other plants (Part E in Literature Review), CdBl
was believed to be a typical Cd-binding protein which
played an essential role in the heavy metal tolerance
mechanism of the plant. On the other hand, the nature
of CdB2 is not completely understood. From the
available data, it is clear that CdB2 was a negatively
charged non-proteinaceous molecule exhibiting a special
shoulder at 270 nm in the UV absorption spectroscopy,
which resembled that found in water hyacinth (74).
Further investigation is essential to characterize the
nrooertv of CdR2.
IV. GENERAL CONCLUSION
In previous studies of Cd effect on the growth of
higher plants, the stages of development of the plant are
seldom taken into consideration. The results of this work
show that the germinating stage of Pisum sativum is most
severely affected by this heavy metal. The growth at older
stages, however, tends to be more resistant towards Cd and
will only be inhibited after reaching a certain level of
treatment. Surprisingly, some enhancing effects can be
noted when the plants are treated with extremely low Cd
concentration. These data may be of importance to
agricultural practice since the timing and dosage of
application of Cd-containing materials such as sludges and
fertilizers can be well-planned beforehand.
During the germinating stages, the major influence of
Cd is on the elongation rather than initiation of radicles.
In subsequent stages, the addition of Cd will cause a
general reduction of growth in all parts of the plant except
the first two internodes of epicotyls. Yield of the leaves
g inhibited to the greatest extent while the root growth is
relatively less affected although it accumulates highest
amount of Cd. The differential responses of different plant
parts seem to be related to their ability to withstand Cd
accumulation, and the capability of retaining Cd in the root
may contribute to the resistance of Cd in pea plants.
In addition to these, application of exogenous indole-
3 acetic acid (IAA) is shown to be able to compensate part
of the inhibitory effect of Cd on elongation of the main
root of young pea seedlings. As there is significant
experimental variation, further investigations are to be
undertaken before a definitive conclusion can be drawn.
Festuca rubra, cv. Merlin, which has been reported to
be resistant to Pb and Zn, is also found to be Cd-tolerant
in the present study. It thus becomes an important plant
material for the investigation of the tolerance mechanism of
individual heavy metal as well as co-tolerance among
different heavy metals. Similar to the case of pea plants,
some enhancing effects on growth are obtained at a
relatively 1 ow level of Cd treatment. However, the
resistance towards Cd is much higher in Merlin when compared
to other plant species. The root is far more tolerant to Cd
accumulation than the shoot. Before the level of Cd
treatment has reached a certain threshold, the concentration
of Cd in the shoot tissue is maintained at a low level by
trapping Cd ions in the basal root portion. Beyond a
critical Cd level, however, the barrier in the root is
severely impaired and Cd ions tend to be transported freely
to the shoot. The importance of the root in the mechanism
of Cd tolerance is thus clearly demonstrated.
The kinetic study of the Cd uptake at the root of
Merlin reveals a dual pattern resembling that of rice (108)
and soybean (41). it suggests that more than one binding
mechanisms may be involved in the uptake of Cd at the root.
This speculation is further supported by the results of
subcellular distribution, in which, Cd ions are shown to
bind with different components of a cell such as cell wall
matrix, Cd-binding complexes, etc. The rate of uptake is
metabolically dependent and affected by the presence of Pb
and Cu. It is interesting to find that Cd and Pb seem to
bind with the same type of binding machine in the root
tissue. The specific binding of Cd and Pb to common binding
entities may partially explain the nature of co-tolerance of
these metals in plants.
The results of subcellular distribution of Cd in root
cells give a much clearer picture on the fate of Cd uptaken
and hence throw a light on the understanding of the
mechanism of Cd tolerance in Merlin. Cell wall, being the
first barrier, will trap a considerable amount of Cd ions
during their passage into the cytosol where vital metabolic
activities take place. Most of the Cd ions in wall matrix
are confined to the sites containing pectic substances,
which also play an important role in tolerance of Zn (200).
The two Cd-binding complexes, CdBl and CdB2, which have
low molecular weights, are found in the cytosol of the root
extract and associated with the cell wall matrix. They
seem to play a role in sequestering most of the Cd ions from
the metabolic pathways. Experimental results suggest that
these Cd-binding complexes are induced upon Cd stress. In
the absence of these complexes, Cd ions will non-
specifically bind to other protein components (probably
enzymes) of the cells. CdBl (M.W. 3,450 daltons) is a
typical Cd-binding protein with properties comparable to
those found in other sources. The high -SH group content as
well as the special pattern of UV absorbance strongly
suggest the binding of Cd ions to cysteine residues of CdBl.
On the other hand, the nature of the non-proteinaceous CdB2
(M.W. 3,150 daltons), which has a higher Cd-binding
affinity, is not clearly understood from the present study.
Further works are required to purify and characterize the
two Cd-binding complexes isolated from this plant species.
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